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ABSTRACT 
 
This thesis describes work relating to the reflood phase of a Large Break Loss-of-
Coolant Accident (LB-LOCA) in Pressurised Water Reactor (PWR).  Three related 
types of experiment have been carried in this context, namely studies of particle 
motion in an annulus geometry simulating drop motion in a ballooned fuel element, 
studies of single phase flow in a 3×3 tube bundle simulating a ballooned fuel element 
and studies of reflooding of a hot tube in which it was possible to photograph the 
region above the rewetting front using axial view photography. 
 
In the particle tracking studies, Particle Tracking Velocimetry (PTV) was used 
to determine typical particle tracks in an annulus test section in which the inner 
surface was ballooned to simulate the clad ballooning likely to occur during the 
reflood phase of an LB-LOCA.  Excellent agreement was obtained between the 
measured particle tracks and ones calculated using the STAR-CD CFD code.  
 
The second set of experiments focussed on investigating the effect of pin 
ballooning on the vapour flow.  An idealised, simulated PWR bundle containing a 
3×3 rod arrangement with a central ballooned pin was designed and constructed and, 
using a novel isokinetic probe sampling technique, the axial deviation in mass flow of 
an outer sub-channel was measured.  Again, good agreement was obtained between 
the flows measured and those calculated from the STAR-CD code. 
 
To further elucidate the rewetting process itself and the behaviour of the 
associated two-phase flow, an axial-viewing reflood (AVR) rig has been designed and 
constructed.  Within this facility, experiments have been carried out to examine the 
thermal-hydraulic effects occurring during bottom-up reflooding of a single hot tube.  
A high-speed high-temperature axial viewing technique has been developed and 
applied to observe the quench front, and any pre-cursory droplet production, 
deposition and entrainment ahead of the propagating quench front.  
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NOMENCLATURE 
 
* ≡ Dimensionless 
 
Main Roman Symbols 
A Area; cross-sectional area m
2
, mm
2 
As Surface area m
2 
C Constant, empirical coefficient;  *, *  
 Specific heat capacity of inner tube                          kJ kg
-1
 °C
 -1
 
CD Aerodynamic coefficient; drag coefficient * 
Cp, c, cp Specific heat capacity J kg
-1
 K
-1
 
D Outside diameter of the tube  mm 
d Distance separating the particle and its shadow mm 
DH Hydraulic diameter  mm 
Dp Particle diameter  mm 
e Restitution coefficient * 
Ex Relative error * 
ExRMS Root mean square error * 
xE  Mean (or average) error * 
F Force N 
f Friction factor * 
fμ Damping function * 
G Coolant (inlet mass) flowrate                                                 kg m
-2 
s
-1 
g Gravitational acceleration (= 9.80665 m/s²)  m s
-
² 
H Characteristic length; boundary layer thickness m
 
h Heat transfer coefficient;  W m
-2
 K
-1
 
 Enthalpy        J kg
-1 
I Current A 
k Thermal conductivity  W m
-1
 K
-1
 
L Length of the fuel rod;  mm 
 Length m 
16 
lm Liquid mass    kg 
mp Mass of the particle kg 
Mx Measured value * 
m  Mass flowrate                                                                               kg s-1 
N Number of data points within a sample set * 
p Pressure; piezometric pressure Pa 
Px Predicted value * 
Q Volumetric flowrate of water;                                                    l min
-1
 
 Rate of heat loss W, kW 
Q
”
, q Heat flux  W/m
2
, kW/m
2
  
qb Convective heat flux W m
-2 
qdroplets Convective heat transfer to water jets and droplets W m
-2
 
qsteam Convective heat transfer to steam, Ch(Tr – Ts) W m
-2
 
R Spatial resolution of the images (i.e. the pixel size); * 
 Resistance Ω 
r Radius     mm 
R
2 
Coefficient of determination * 
r2 Outer radius of the inner tube     mm 
rp Particle velocity normal to the wall m s
-1 
sij Rate of strain tensor Pa/s 
T l Measured average bulk temperature at the quench zone   K, °C  
T Temperature   K, °C 
t Time   s 
TAR Apparent rewetting temperature    K, °C 
TCHF Critical heat flux temperature    K, °C 
TDNB Departure from nucleate boiling temperature    K, °C 
Tf Film temperature K, °C 
Ti Inlet surface temperature    K, °C 
TIB Incipient boiling temperature    K, °C 
Tmax Temperature at maximum heat flux   K, °C 
TMEB Microbubble emission boiling    K, °C 
TQ, Tquench Quench temperature   K, °C 
tquench Quench time    s 
Tr Rewetting temperature; temperature of the rod surface  K, °C 
 17 
TS, Ts, Tsat  Saturation temperature   K, °C 
TSP Sputtering temperature   K, °C 
tturn Turnaround time      s 
Tw, Twall Wall temperature   K, °C 
T∞ Ambient temperature K, °C 
u, U Velocity; mean fluid velocity  m s
-1
  
Ugs Superficial gas velocity m s
-1
 
Uls Superficial liquid velocity m s
-1
 
ui Absolute fluid velocity component in direction ix   m s
-1
 
up1 Particle velocity component before collision with the  m s
-1
 
 channel wall 
up2 Particle velocity component after collision with the channel  m s
-1
 
 wall 
upi Particle velocity component in direction ix ;  m s
-1
 
 particle translational velocity normal to the wall (in xi  m s
-1 
 direction)  
V Voltage drop V 
vpi  Particle translational velocity parallel to the wall (in yi m s
-1 
 
direction) 
vx, vy, vz Instantaneous velocity in the x, y and z directions m s
-1 
'
xv ,
'
yv ,
'
zv  Velocity fluctuations in the x, y and z directions m s
-1 
wpi  Particle translational velocity parallel to the wall (in zi m s
-1 
 
direction) 
x Quality      * 
xi Cartesian coordinate (i = 1, 2, 3)  * 
xpi Coordinates of the particle position * 
z Axial distance of the heated section from the entrance     m 
 
Main Greek Symbols 
α Thermal diffusivity m2/s 
α1  Particle trajectory angle ° 
α1
’
 Full impact angle ° 
  
18 
β Temperature coefficient of thermal conductivity K-1 
δij Kronecker delta function * 
ε Emissivity    *; 
 Surplus energy (over a section in length) J/m 
ξ Gaussian random variable * 
θ Dimensionless temperature * 
μ Molecular dynamic viscosity of the fluid   N s m-2, Pa s, kg/m s 
µ0 Static friction coefficient * 
μd Dynamic friction coefficient  * 
μt Turbulent viscosity   N s m
-2
, Pa s 
Ω Specific resistivity of metal ohm.m 
ν Kinematic viscosity (= μ/ρ) m2/s 
ρ Density, fluid density;   kg m-3 
ρp Particle density  kg m
-3 
ζ Stefan-Boltzmann constant   * 
ζk Turbulent Prandtl number   * 
ζx Standard deviation * 
ηij Stress tensor component Pa 
ηp Particle relaxation time s 
  Any thermodynamic temperature,  
SSP
Si
TT
TT


 
 e.g. dimensionless initial surface temperature 
ψ Ratio between the liquid and the wall properties 
 
 
P l
P W
k C
k C


 ; 
 Ratio of the two phase to single phase heat transfer * 
 coefficient          
ωp Particle angular velocity  Deg/s 
ΔT, ΔTsub Subcooling  K, °C 
ΔTrise Temperature rise  K, °C 
∆γ Mean wall roughness angle ° 
π Pi, the mathematical constant equal to a circle's  *   
 circumference divided by its diameter 
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Relevant Dimensionless Number Symbols 
Gr Grashof number 
  3
2
c d h
c c
gD 
 

  
Nu Nusselt number h
c
hD
k
 
LNu  Length-mean Nusselt number 
Nu0 Nusselt number corresponding to the undisturbed  
 and thermally fully developed single-phase flow  
Nu∞ Nusselt number corresponding to the undisturbed  
 and thermally fully developed two-phase flow  
Pr Prandlt number 
pc
k

 
Ra Rayleigh number Gr×Pr 
Re Reynolds number      


, 

UD
 
Stk, St Stokes number 
pU
H

 
 
Subscripts 
CHF critical heat flux 
cond conduction 
conv convection 
DFB departure from film boiling 
F fuel pellet 
G, g, v vapour; gas 
L, l liquid; bulk 
MEB microbubble emission boiling 
TP two-phase (i.e. vapour-liquid mixture)  
max maximum 
p particle 
q quench 
rad radiation 
20 
s, sat saturation 
w wall 
 
Acronyms 
AEEW Atomic Energy Establishment at Winfrith  
AGR Advanced Gas Cooled Reactor 
AGW Adaptive Gaussian Window 
ASTM American Society for Testing and Materials (http://www.astm.org/)  
AVR Axial View Reflood rig 
BMWi Federal Ministry of Economics and Technology of Germany 
 (http://www.bmwi.de/) 
BNWL Battelle, Pacific Northwest Laboratories 
BSPP British Standard Pipe Parallel thread 
BWR Boiling Water Reactor 
CAE Computer-Aided Engineering 
CAMP Code Applications and Maintenance Program 
CCD Charge-Coupled Device, or Colour-Capture Device 
CDU Controller Display Unit  
CFD  Computational Fluid Dynamics  
CHF Critical Heat Flux 
CJC Cold Junction Compensation   
COBRA Coolant Boiling in Rod Arrays  
CSNI Committee on the Safety of Nuclear Installations 
DBA Design Basis Accident 
DC Direct Current 
DNB Departure from Nucleate Boiling 
DNS Direct Numerical Simulation  
DO Dryout 
ECC Emergency Core Cooling 
ECCS Emergency Core Cooling System  
EIA U.S. Energy International Administration (http://www.eia.doe.gov/)  
EPRI Electrical Power Research Institute (http://www.epri.com/) 
ETH  The Swiss Federal Institute of Technology 
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FBR Fast Breeder Reactor 
FEBA Flooding Experiments with Blocked Arrays 
FFKM  Perfluoroelastomers 
FLECHT Full Length Emergency Cooling Heat Transfer 
FS Full Scale  
FZD Forschungszentrum Dresden-Rossendorf (http://www.fzd.de/) 
GCR Gas Cooled Reactor 
HAZOP  Hazard and Operability methodology  
HSMA High-Speed Motion Analyser  
ICAP International Code Assessment and Applications Program 
ID Inner Diameter (of a pipe) 
IEA International Energy Agency (http://www.iea.org/) 
INEL Idaho National Engineering Laboratory (http://www.inl.gov/) 
KNOO Keep the Nuclear Option Open project (http://www.knoo.org/) 
LB-LOCA Large Break Loss of Coolant Accident 
LDA Laser Doppler Anemometer 
LDV Laser Doppler Velocimetry 
LES Large Eddy Simulation  
LOCA Loss of Coolant Accident   
LOTUS  LOng Tube System facility  
LWGR Light Water Graphite Reactor 
LWR Light Water moderated Reactor 
MABEL Multi-channel Analysis of Ballooning Effects in the Loss-of-Coolant 
Accident 
MATARE MAbel TAlink RElap code   
MFB Minimum Film Boiling 
MPTV Mirror Particle Tracking Velocimetry 
NNC National Nuclear Corporation 
NRC Nuclear Regulatory Commission 
NRU National Research Universal 
NV Needle Valve 
OD Outer Diameter (of a pipe) 
PHWR Pressurised Heavy Water Reactor 
PIV Particle Image Velocimetry 
22 
PST Particle-Shadow Tracking 
PTV Particle Tracking Velocimetry 
PWR Pressurised Water Reactor 
QF Quench Front 
RANS Reynolds-Averaged Navier-Stokes 
RBHT Rod Bundle Heat Transfer facility 
RBMK Reactor Bolshoy Moschnosti Kanalniy (High Power Channel-type 
Reactor) 
RELAP Excursion and Leak Analysis Program  
SAE Sub-Atmospheric Evaporator rig 
SAT  Slug Annular Transition 
SEASET Separate Effects and System Effects Test 
SEFLEX Fuel Rod Simulator Effects in Flooding Experiments 
SGHWR Steam Generating Heavy Water Reactor 
SNAP Symbolic Nuclear Analysis Package 
TALINK Transient Analysis code LINKage code   
TOPFLOW Transient Two Phase Flow test facility at the Institute of Safety 
Research at FZD 
TRACE TRAC/RELAP Advanced Computational Engine 
UHP Ultra-High Performance  
UKAEA United Kingdom Atomic Energy Authority  
 (http://www.ukaea.org.uk/) 
USAEC United States Atomic Energy Commission 
USNRC United States Nuclear Regulatory Commission  
 (http://www.nrc.gov/)  
WASP  Water, Air, Sand and Petroleum high pressure multiphase flow 
facility at Imperial College London 
WNA World Nuclear Association (http://www.world-nuclear.org/) 
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Chapter 1:  
INTRODUCTION 
 
In a recent international energy outlook report of U.S. Energy International 
Administration (EIA), the world energy consumption is estimated to increase by 49% 
from 2007 to 2035 (Figure 1.1).  As shown in this figure, the total world energy use is 
expected to rise from 495 quadrillion British thermal units (Btu) in 2007 to 590 
quadrillion Btu in 2020, and 739 quadrillion Btu in 2035
1
.  With the increasing world-
wide demand in energy consumption, sustainable and efficient generation of electrical 
power is required.  Fossil fuel reserves are depleting and there is a clear need for 
alternative sources of energy to be efficiently developed.  A statistical breakdown of 
the world electricity generation from different types of fuel (in 1973 and 2007) is 
shown in Figure 1.2.  It is evident that at present the combined energy output from all 
clean energy sources does not come close to fulfilling the global demand.  Therefore, 
nuclear power presents an extremely viable option for supplying energy in the future, 
and so there has been a huge resurgence of interest in nuclear power. 
 
 
Figure 1.1:  World marketed energy consumption, 2007-2035 (quadrillion Btu) (from EIA, 2010) 
 
                                                 
1
 1 quadrillion Btu is equal to 10
24
 Btu which equal to 1.005x10
27
 J.  
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Figure 1.2:  Fuel shares of world electricity generation (excluding pumped storage)  
in 1973 and 2007 (from IEA, 2009)  
 
Unfortunately, there is still a significant resistance to the use of nuclear power, 
not only as a result of growing concern about nuclear arms proliferation but also as a 
result of large scale and well documented accidents, most notably those of Chernobyl 
and Three Mile Island.  Therefore, one of the biggest issues related to electricity 
generation in the form of nuclear power is to ensure the safe operation of the plants.  
The ability to understand and predict the potential dangers involved and the capability 
to enforce measures to limit them, would allow governments to justify nuclear power 
to a sceptical public more easily.  For this reason it is vital for safety analysis to be 
performed on nuclear reactor power plants to ensure the health and safety of the 
public. 
 
At present, a nuclear reactor works by producing and controlling the release of 
energy from splitting the atoms of certain elements.  The principles of electricity 
production by means of nuclear power are the same for most types of reactor.  The 
energy released from continuous fission of the atoms of the fuel is harnessed as heat 
in either a gas or water, and is subsequently used to produce steam, which in turns 
drives a turbine in order to generate electricity. 
 
The 7 principal types of nuclear reactor which have been operated to produce 
power are as follows:  
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 Pressurised Water Reactor (PWR);  
 Boiling Water Reactor (BWR);  
 Gas Cooled Reactor (GCR);  
 Advanced Gas Cooled Reactor (AGR);  
 Pressurised Heavy Water Reactor (PHWR);  
 Light Water Graphite Reactor (LWGR); and  
 Fast Breeder Reactor (FBR). 
Table 1.1 summarises the main characteristics of these respective types.  
 
Table 1.1  Nuclear reactor types used in civil power production:  
typical characteristics (as of 1
st
 June 2009)  
(from WNA, 2009) 
 
 
As shown in Table 1.1, approximately 60% of nuclear power reactors in the 
world are Pressurised Water Reactors (PWRs), making them the most common type.  
Several hundred more PWR‟s are employed for naval propulsion.  A schematic of a 
typical civil PWR is presented in Figure 1.3. 
 
The principal features of a PWR are briefly summarised here; however, it 
should be noted that further details of this type of reactor can be found in 
Section 2.1.1.  In a PWR, ordinary (light) water is used both as a coolant and a 
moderator.  The design is distinguished by having a primary cooling circuit which 
flows through the core of the reactor under very high pressure, and a secondary circuit 
in which steam is generated to drive the turbine. 
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Figure 1.3:  Schematic of a typical Pressurised Water Reactor (from WNA, 2009) 
 
The common approach to safety in a nuclear power plant is to design the 
system to respond safely to a large postulated accident, the so-called design basis 
accident.  Accidents more severe than the design basis accident (“severe accidents”) 
are assessed but the system is not designed to withstand them; they are considered too 
unlikely to require specific design actions.  For a PWR, the design basis accident 
(DBA) is traditionally the Large Break Loss-of-Coolant Accident (LB-LOCA), in 
which it is assumed that one of the large inlet coolant pipes from the circulating pump 
to the reactor vessel breaks completely (though in some recent design evaluations this 
form of accident is considered beyond the Design Basis).  
 
A pressurised water reactor fuel assembly comprises fuel rods arranged in a 
square lattice configuration with 14×14 up to 17×17 rods.  The typical design 
characteristics of a PWR are shown in Table 1.2.  Each fuel rod assembly is composed 
of fuel rods, control rods and support grids.  In most of the more recent PWR designs, 
each assembly consists of a 17×17 array of fuel rods, as shown in Figure 1.4(a).  In a 
typical 17×17 array, 264 of the 289 spaces are occupied by fuel rods and the 
remaining channels contain guide tubes for control rods with a central tube available 
for instrumentation.  Each fuel rod consists of a stack of fuel pellets enclosed in a 
Zircaloy cladding tube, seal-welded with end plugs.  The specific details are 
summarised in Table 1.2 and illustrated in Figure 1.4(b).  A significant pressure exists 
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in the fuel rods, due to helium introduced during manufacture, and due to the 
generation of fission product gases during operation.  The reason for internally 
pressurising the fuel rods with helium is to enhance thermal conduction between the 
fuel and the cladding tube.  In addition, by reducing the pressure difference across the 
cladding, internal pressurisation affords a reduction in the mechanical loading 
imposed on the cladding.   
 
 
(a) 
 
 
 
 
 
 
 
 
(b) 
 
Figure 1.4:  A Typical PWR design: (a) Fuel assembly with a 17×17 fuel rod array;  
(b) PWR fuel rod (from Ammirabile, 2003).
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Table 1.2  Typical design characteristics of a Pressurised Water Reactor 
 
Operating parameter  Value 
 
 
Energy conversion 
Gross thermal power, MW(th)  3411  
Net electrical power, MW(e)   1148 
Efficiency      33.5 % 
 
Thermal-hydraulics 
Primary coolant 
Pressure, MPa    15.5  
Inlet temperature, °C   286 
Average Outlet temperature, °C 324 
Core flow rate, Mg/s   17.4 
Secondary coolant 
Pressure, MPa    5.7 
Inlet temperature, °C   224 
Outlet temperature, °C  273 
 
Moderator       H2O 
 
Neutron Energy      Thermal 
 
Fuel 
Geometry      Cylindrical pellet 
Dimensions, mm    8.2 (D) × 13.5 (H) 
Chemical form    UO2 
Fissile       2.6% U235 
Fertile       U238 
 
Pins 
Geometry      Pellet stack in tube 
Dimensions, mm    9.5 (D) × 4100 (H) 
Clad material      Zircaloy-4 
Clad thickness, mm    0.57 
 
Fuel assembly 
 Rod array  17 × 17 square lattice 
 No. of assemblies  193 
 Rod pitch, mm  12.6   
 No. of rods locations per assembly  289 
 No. of fuel rods per assembly  264 
 Assembly pitch, mm  214 
 
Grids 
 No. of grids per assembly  8 
 Material  Stainless steel 
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The operating parameters typically encountered for a PWR under LB-LOCA 
conditions are summarised in Table 1.3.  In this type of accident, it is assumed that 
one of the large inlet coolant pipes (“cold legs”) from the circulating pump to the 
reactor vessel is completely broken and moves apart to allow free discharge of the 
primary coolant from both broken ends.  This is a “double-ended guillotine” break or 
a “200%” break (Hewitt & Collier, 2000), as shown in Figure 1.5.   
 
 
Figure 1.5: Schematic of PWR reactor cooling circuits and emergency cooling systems  
(from Ammirabile, 2003) 
For this type of break, a PWR reactor core experiences total coolant loss in 
100 seconds or less.  Although the reactor is by this time sub-critical so that 
essentially no power is still being produced from fission, a large amount of “decay 
heat” (approximately 6% of full scale operation) is still being released due to the 
continuing decay of fission products.  This decay heat causes the fuel rod claddings to 
have a temperature in the region of 600-800 °C, and the decay heat needs to be 
removed effectively to keep the fuel temperatures from increasing further and 
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becoming too high.  In the absence of any cooling, this decay heat is sufficient to melt 
the fuel in around 10 minutes. 
 
Table 1.3  Typical operating parameters for a typical PWR  
under LOCA conditions  
 
Operating parameter  Value 
 
 
Pins      
 Geometry  Pellet stack in tube 
Clad material  Zircaloy-4 
 Internal cladding diameter, mm  8.4 
External cladding diameter, mm  9.5 
Clad thickness, mm  0.57 
 Clad conductivity, W/mK  22.5 
 Pin fill pressure, MPa  4.5 
 Wall temperature, °C  400-800 
 
Fuel 
 Active fuel length, mm  3657 
Pellet diameter, mm  8.2 
 Fuel temperature, °C  ~800 
 
Coolant  Water 
 Temperature, °C  20-100 
 Velocity of water entering the fuel  ≥2 
 during reflood, cm/s   
 
System pressure  Atmospheric to 0.2 MPa 
 
Vapour  Steam  
 Temperature, °C  500-650 
 Velocity of steam generated at position  ~23 
 of reflood and passing up the core  
 above the rewetting front, m/s   
 
Reflood phase 
 Duration, s  ~210 
 
 
 
If this unlikely but major event occurs, safety procedures will refill and 
eventually quench the core of the reactor by means of “reflooding” or bottom-up 
rewetting.  This is achieved through the low pressure/ large volume Emergency Core 
Cooling System (ECCS) injecting fresh coolant back into the reactor vessel.  The 
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ECCS is triggered automatically when the pressure inside the reactor falls to a 
sufficiently low value.  This results in the rewetting of the overheated fuel rods 
present in the reactor core and in turn prevents fuel meltdown.  However, due to the 
high temperature within the system, this rewetting process is very complex.  It is 
therefore important to obtain detailed information about the macroscopic behaviour of 
the steam-water flows occurring during the reflood phase, where water droplets may 
be entrained in the vapour flow and contribute to cooling of the hot fuel pin before it 
is quenched.      
 
 
Figure 1.6:  Blockage caused by coherent clad ballooning 
(from Hewitt & Collier, 2000) 
 
A complicating feature in the processes occurring after blowdown is clad 
ballooning.  Following a postulated large-break LOCA the high pressure water inside 
the reactor flows out of the broken pipe, flashing to steam. The reactor core becomes 
temporarily uncovered and subsequently the fuel elements start to overheat.  The 
system pressure falls rapidly to below the pressure inside the fuel rods.  Consequently, 
the rather ductile Zircaloy clad of the fuel rods becomes liable to expand radially 
when overheated as a result of the internal pressurization of the fuel rods.  When this 
happens, the rods distort into a somewhat carrot-like shape, otherwise known as a 
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“balloon”, as presented in Figure 1.6.  This may reduce the size of the channel 
between individual rods and hence may restrict the access of the emergency core 
cooling system water to facilitate the rewetting process.  Although unlikely, the 
scenario can be particularly severe if the adjacent rods balloon at the same axial level.  
It is therefore important to understand the geometric effects of clad ballooning on the 
rewetting process. 
 
 
1.1 PROJECT OBJECTIVES 
The work on this project was carried out as part of the Keeping the Nuclear Option 
Open (KNOO) project within the “Towards a Sustainable Energy Economy 
Programme” of the Research Councils UK, and it therefore involved close 
collaboration with colleagues within KNOO Work Package 1 (Fuel, Thermal 
Hydraulics and Reactor Systems).  The main aim of this research work was to produce 
detailed information about the macroscopic behaviour of the steam-water flows 
occurring during typical PWR LB-LOCA conditions, and more specifically, during 
the reflood phase, where, during bottom-up rewetting, water droplets may be 
entrained in the vapour flow and contribute to cooling of the hot fuel pin before it is 
quenched. 
 
The main objective of this project was to generate new experimental 
information and to carry out modelling studies on both the rewetting process and on 
the associated phenomena.  Three experimental studies were performed: 
 
1. Studies of particle-gas flows in an annular channel in which the central 
surface was shaped to simulate a ballooned fuel element. Individual 
particles were tracked and the trajectories (including rebounds of the 
particles on the central rod) were compared with those predicted using a 
Computational Fluid Dynamics (CFD) code.  
2. Studies of single phase gas flow in a 3×3 rod bundle simulating a fuel 
element with clad ballooning. A novel isokinetic sampling probe was 
used to obtain the flowrate in a corner sub-channel, and the results were 
compared with Computational Fluid Dynamics (CFD) predictions.  
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3. Studies of the rewetting of a hot tube by bottom reflooding. The specific 
advance in these studies relative to earlier similar studies was the use of 
axial view photography to view the behaviour of droplets above the 
quench front.  
 
The more detailed objectives of these three experimental studies and the 
associated modelling work will now be given.   
 
1.1.1 Objectives of Experiments on Particle-Gas Flows in an Annular Channel  
In this series of experiments on particle-laden air flow in an annular channel with a 
“ballooned” inner surface, the main objectives were: 
 
 to gain a greater understanding of the flows in fuel bundles and to obtain 
quantitative data on the motion of droplets (simulated in these 
experiments by solid particles) entrained in the vapour flow in a typical 
ballooned tube bundle geometry.  In this context, the aim would be to 
obtain results in the following key areas:   
(i) values of the axial and radial components of particle velocity at 
various axial elevations (these are associated with different gap 
sizes);  
(ii) effect of particle sizes on axial velocities; and  
(iii) the rebound behaviour of particles (simulating that of water 
droplets on a hot surface).   
 to provide validation data for computational predictions carried out using 
a commercial Computational Fluid Dynamics (CFD) code, STAR-CD 
(CD-adapco), thus strengthening the case for using the code  for the more 
complex geometries encountered in fuel rod bundles. 
 
In order to determine the individual particle trajectories, an automated 3-
dimensional Particle Tracking Velocimetry (3-D PTV) tracking algorithm was 
developed as part of these studies. 
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1.1.2 Objectives of Experiments on Gas Flows in a 3×3 Rod Bundle System 
with a Ballooned Central Rod    
For this set of experiments, an idealised 3×3 model rod bundle system was designed, 
where the rod diameter, and the distance between spacer grids dimensions simulated 
those of a typical PWR fuel bundle.  This model system consisted of three spacer 
grids, with two successive bundles of 3×3 rods between them.  The bottom bundle 
contained 9 straight (unballooned) pins and the central rod of the top bundle was 
designed to simulate a distorted (ballooned) rod.  Air flow (simulating steam flow in 
the reflood case) was used as the test fluid.  
 
The main objectives for this experiment were: 
 
 to gain a greater understanding and quantification of the motion of steam 
(simulated in these experiments by air) in a typical ballooned tube bundle 
geometry.  In this context, to use a novel isokinetic probe sampling 
technique to determine the axial mass flow profile of an outer sub-
channel.   
 to provide data to be used in the validation of computational predictions 
carried out using the CFD code STAR-CD, thus strengthening the case for 
its use in the more complex geometries encountered in fuel rod bundles. 
 
1.1.3 Objectives of Single-Tube Reflood Experiments 
This set of experiments aimed to examine the thermal-hydraulic effects occurring 
during bottom reflooding.  This involved fundamental studies of the rewetting process 
itself and was intended to enhance phenomenological understanding and to inform 
and feed into the „macroscopic‟ reactor studies carried out within the work package.  
For these experiments, an Axial-View Reflood (AVR) experimental test rig has been 
designed, which consists of a vertical stainless steel (316) tube 2 m long with an 
outside diameter of 18 mm and wall thickness of 1.5 mm.  In this set of experiments, 
the test section was heated to temperatures up to 500 °C and then quenched with 
cooling water from the bottom upwards. 
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During the course of this transient process axial temperature distributions and 
heat flux profiles were obtained, extending the existing databank of cases for code 
validation.  Simultaneously, a high-temperature high-speed axial viewing technique 
was designed and applied to observe the quench front, and any pre-cursory droplet 
production, occurring during the single-tube reflood experiments. 
 
The main objectives for this experiment were: 
 
 firstly, to provide axial temperature and heat flux profiles, and quench 
front velocities during the course of this transient process, extending the 
existing databank of cases for code validation; and 
 to elucidate the reflood mechanisms and continue to improve 
phenomenological modelling by gaining a better understanding of the 
droplet size distribution and droplet/wall impact behaviour in the region 
above the quench front. 
 
 
1.2 CONTRIBUTIONS OF THE PRESENT STUDIES 
Progress was made against all of the objectives listed in Section 1.1 and is reported in 
this thesis.  In summary, the main contributions arising from the work are: 
 
 Development of a novel PTV tracking algorithm (Chapter 4) 
 Detailed measurements of particle trajectories and velocity profiles on a 
ballooned-pin geometry (Chapter 5), which provides velocity and trajectory 
information for code validation 
 CFD simulations (Chapter 6), performed in collaboration with Dr. Evgeniy 
Burlutskiy, implementing the following aspects: 
o Combination of drag, gravitational and shear-lift forces for particle 
modelling 
o Effect of radial velocity component 
o Size effects 
o Density effects 
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o Effect of rebound models 
 Isokinetic sampling of the vapour flow through a sub-channel in a 3×3 rod 
bundle in which the central pin is ballooned (Chapter 7) 
 Design and construction of a pilot scale reflood rig (Chapter 8) 
 Design of high temperature axial viewing system (Chapter 9) for the 
visualisation of the precursory droplets ahead of the propagating quench front 
 Measurements and analysis of transient temperature and heat flux distributions 
during reflood (Chapter 10) 
 
The most important contribution was probably the single-tube reflood 
experiments performed to provide experimental details of the rewetting process.  
Specifically, the pilot-scale flow loop constructed to provide high speed, high 
resolution details of the quench front advance during the reflood process can be used 
for future experimental investigations within Imperial College London.  The novel 
high temperature axial viewing section incorporated demonstrated that sufficient 
spatial (sub-millimeter) and temporal (~kHz) resolution is achievable.  This novel 
technique can also be applied to a wide selection of applications within the field of 
two-phase flow studies in high temperature environments.   
 
Having highlighted the key contributions in this part, the chapters are 
summarised in more detail in the following section. 
 
 
1.3 SUMMARY OF SUBSEQUENT CHAPTERS 
Chapter 2 presents a literature survey which covers the general background of the 
relevant phenomena, and physical parameters related to a PWR reflood.  More 
specifically, experimental studies of the bottom-up rewetting case are summarised and 
reviewed in this chapter. 
 
In Chapter 3 the experimental aspects of the flow diversion studies of 
entrained “droplets” in a vapour velocity stream as a result of a ballooned pin are 
described.  This set of experiments studied the motion of the liquid droplets within the 
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steam-water flow during the reflood phase.  The test flow loop and experimental 
procedures are shown in this chapter; and the annulus test section and specifically the 
shape of the central “balloon” are described.  In this set of experiments, solid cellulose 
acetate particles were used to represent the droplets in the real case.  The reasons for 
these decisions and the choice of particle and their sizes are detailed in this chapter.  
The operating parameters (e.g. vapour inlet flowrate) used within the test matrix are 
also summarised. 
 
The principles of particle tracking velocimetry (PTV) techniques are explained 
in Chapter 4, as this was the main post-processing method used to analyse the flow 
diversion experiments.  The development of the specific PTV algorithm used for the 
particle tracking has been elucidated.  Since one of the major aims of this thesis is a 
better understanding of droplet motion within 3-D flow fields, the evolution of three-
dimensional particle tracking velocimetry (3-D PTV) techniques is also emphasised 
and reviewed in this chapter.  Some of the previous studies using 3-D PTV have been 
examined and their applications and tracking algorithms are summarised.  Following 
this review, the setting up of the present 3-D particle tracking technique, and the 
automated processing algorithm that has been developed specifically for this research 
work are described.  It is believed that this algorithm will be able to be used for 
numerous other applications.   
 
In Chapter 5 the key trends are identified and analysed.  Specifically, particle 
velocities are examined at various locations along the ballooned pin geometry.  A 
range of flow conditions and particle sizes has been considered.  A basic data set is 
provided for comparison to the Computational Fluid Dynamic (CFD) predictions 
described in Chapter 6. 
 
The modelling element of the work on flow diversion of entrained “droplets” 
in a vapour velocity stream as a result of a ballooned pin is described in Chapter 6.  
Firstly, the available codes are briefly reviewed.  The codes used within this project 
are then introduced in more detail.  Furthermore, the connections between the 
experimental and computational studies are highlighted.  More specifically, 
computational predictions from coupled modelling work carried out in collaboration 
with Dr. Evgeniy Burlutskiy using the commercial code STAR-CD (CD-adapco) are 
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compared with the experimental results detailed in Chapter 5.  This provides a 
methodology for validating the STAR-CD code.  Where necessary, corrections to the 
default models within the code have been made (by Dr. Burlutskiy) and justified.  
Further CFD analyses have also been done to study the sensitivity of particle size and 
density to flow diversion and the key findings are then highlighted and explained. 
 
Chapter 7 describes the studies on gas flow in a 3×3 rod bundle.  This set of 
experiments simulates (using air rather than steam) the motion of the vapour phase 
within the steam-water flow during the reflood phase.  More specifically, the effect of 
pin ballooning on vapour flow diversion within a nuclear rod bundle was investigated.  
This chapter first describes the design and construction of an idealised, simulated 
pressurised water reactor (PWR) bundle containing a 3×3 rod arrangement with a 
central ballooned pin, and the development of a novel isokinetic probe sampling 
technique to enable the axial mass flow profile of an outer sub-channel to be 
measured.  The results from this sampling technique are then verified against 
theoretical analysis using material balances.  Finally, again in collaboration with 
Dr. Evgeniy Burlutskiy, the CFD code STAR-CD was used to simulate flows in this 
experimental geometry. The CFD simulations were run with the same boundary 
conditions as the experiments.  The experimental test facility, operating conditions, 
theoretical analysis and the CFD simulations are described in this chapter.   
 
In Chapter 8, the boiling facility and the Axial View Reflood (AVR) rig are 
introduced.  The overall flow diagram of the original boiling facility (before the 
current work was carried out) and the amended flow diagram are illustrated and 
described, highlighting the main components within the AVR flow loop.  The 
operational details including experimental ranges of operating parameters and the test 
matrix for the experimental work carried out on the AVR rig are also described.  
Following this, the safety considerations for the AVR rig are highlighted.  Finally, the 
key instrumentation is highlighted and the choice of these components is clarified 
with their calibration details presented where necessary. 
 
Chapter 9 describes the development of an axial viewing technique for 
studying the reflood process.  The Chapter starts with a brief review of previous 
applications of the axial viewing technique and continues with a description of the 
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design of the high-speed, high-temperature axial viewing system for the single-tube 
reflood experiments.  Key design details are highlighted and described, and the novel 
illumination method is illustrated.   
 
In Chapter 10, the results from the single tube reflood studies are presented.  
The first part of the Chapter presents the information obtained using the novel axial 
viewing system described in Chapter 9; image sequences highlighting some key 
processes are presented illustrating the complex behaviour of the droplet-laden vapour 
flow above the quench front.  In the second part of Chapter 10, the measurements of 
axial distribution of transient outside wall temperature are presented.  Specifically, the 
effect of cooling water feed rates and degree of subcooling are highlighted, together 
with the effect of the initial wall temperature.  Using these results, more thorough heat 
transfer analyses are performed, extending the existing databank of cases for code 
validation.   
 
Finally, Chapter 11 presents the main conclusions of this research work and 
suggests the direction in which future research effort could be directed. 
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Chapter 2:  
GENERAL BACKGROUND REVIEW 
 
This chapter summarises the reported work on the key processes associated with PWR 
reflood and the relevant physical parameters.  Section 2.1 briefly introduces the most 
important concepts used in this area.  Sections 2.2 and 2.3 then give a review of the 
relevant literature.  Specifically, Section 2.2 discusses the reflood process and the 
physics involved in it.  Section 2.3 reviews the studies that have been performed with 
particular reference to Pressurised Water Reactor (PWR) reflood.  The major findings 
are reviewed and gaps in the current state of knowledge are identified and related to 
the objectives defined for this PhD project. 
  
 
2.1  INTRODUCTION TO RELEVANT CONCEPTS 
2.1.1 Pressurised Water Reactor 
The most commonly used reactor for generating electricity is a thermal reactor.  This 
is a reactor in which the fission chain reaction is sustained primarily by thermal 
neutrons.  To achieve this, the reactor core contains moderating material to reduce the 
speed of neutrons to low velocity thermal neutrons, so that the principal fissile 
material (uranium-235) will be more likely to undergo fission when it is struck by 
such neutrons. Of the various thermal reactor designs, Light Water moderated 
Reactors (LWRs) are the most common type.  As suggested by their name, they are 
moderated and cooled by ordinary (light) water.  There are two main types of LWRs 
currently used: the Pressurised Water Reactor (PWR) and the Boiling Water Reactor 
(BWR).  A typical circuit of a PWR is shown in Figure 2.1; this type of reactor is the 
primary focus for the research described in this thesis. 
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Figure 2.1:  Typical PWR circuit (ABB Inc.) 
 
In the PWR, the hot water leaving the reactor core is pumped into a heat 
exchanger (steam generator), which enables the primary coolant to transfer heat to the 
(boiling) secondary coolant, generating steam that is used for power generation.  
Mixing does not occur between the primary and secondary circuits, and only the 
primary coolant loop is radioactive.  The steam formed in the steam generator goes 
through a steam turbine and the energy extracted drives an electricity generator.  The 
low pressure steam exiting from the turbine passes through a condenser where it is 
condensed with the condensate being returned to the steam generator.  Five 
operational states exist for a reactor.  Out of these, two refer to routine operation: 
 
1) Normal operation, which refers to reactor operation at full or partial power 
(shown in Figure 2.2).  This means that the reactor is operating within 
specified operational limits and conditions.  During normal operation, water 
flows through the inlet pipes (the “cold legs”) to the reactor vessel, down 
through the annular space around the core, up through the core, and out 
through the vessel outlet pipes (hot legs) to the steam generator. 
 
2) Operational transients, typified by start-up and shutdown of the plant. 
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Figure 2.2:  Normal operation (from Hewitt & Collier, 2000) 
 
The other three states happen under fault conditions: 
 
3) Upset conditions, which correspond to untoward events (e.g. turbine trips, loss 
of offsite power). 
 
4) Emergency conditions, including examples such as a break in a small pipe or 
relief valves stuck open. 
 
5) Limiting fault conditions, otherwise known as Design Basis Accidents, which 
are postulated accidents that the engineered safety systems have been designed 
and built to withstand without loss to the systems, structures, and components 
necessary to assure public health and safety.  A typical example is a loss of 
coolant accident (LOCA) resulting from a large pipe break (LB-LOCA).  The 
following part of this section will focus on this particular case. 
 
2.1.2 Large Break Loss of Coolant Accident 
It is assumed that in a PWR LB-LOCA, one of the inlet pipes from the circulating 
pump is completely broken.  This allows free discharge of the primary coolant from 
both broken ends.  This is otherwise known as a “double-ended guillotine” break.  
The sequence of events following the break is usually divided into four phases, known 
as blowdown, refill, reflood and long-term cooling. 
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2.1.2.1 Blowdown phase (0 to 30s) 
When a large break occurs in one of the cold legs (Figure 2.3), the contents of the 
reactor vessel and the primary loops are blown down through the break.  In the reactor 
vessel, the water flashes into steam and at the same time the pressure in the reactor 
vessel drops to the saturation pressure.  Reduction of core flow and an increase in the 
local quality are conservatively assumed to result in departure from nucleate boiling 
(DNB) or dry-out during this phase (Yadigaroglu, 1978).  After a very rapid 
depressurization, the pressure inside the system drops to a value low enough to trigger 
the Emergency Core Cooling System (ECCS). 
 
 
Figure 2.3:  Blowdown phase (from Hewitt & Collier, 2000) 
 
The ECCS systems are designed to replenish the water lost from the system, 
and in the case of the core becoming uncovered, to reflood it.  The reflooding rates are 
typically large (equivalent to a rise velocity in a cold core greater than ~2 cm/s), and 
the water is usually highly subcooled (i.e at a temperature much lower than the 
saturation temperature) on entering the core.  A typical inlet liquid temperature is 
around 300 K, compared to the saturation temperature of around 400 K. 
 
2.1.2.2 Refill phase (30 to 40s) 
As shown in Figure 2.4, despite the fact that ECCS flow is entering the intact inlet 
pipe, the steam being generated in the vessel flows in the opposite direction to the 
ECCS liquid flow, forcing the water to bypass the upper part of the inlet annulus.  
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Figure 2.4:  Refill phase (from Hewitt & Collier, 2000) 
 
After further depressurization, the steam flow up the annulus drops to a value 
which is low enough to allow the ingress of ECCS water, and the lower plenum starts 
filling up.   
 
2.1.2.3 Reflood phase (40 to 250s) 
This phase begins when the lower plenum is filled and the fuel elements start to rewet 
from the bottom upward.  As shown in Figure 2.5, a constant liquid head is 
maintained in the inlet annulus and excess ECCS water overflows through the break. 
  
 
Figure 2.5:  Reflood phase (from Hewitt & Collier, 2000) 
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2.1.2.4 Long-term cooling (greater than 250s) 
During this phase, water is passed to the unbroken cold leg from the low-pressure 
injection system and maintains a head of liquid that drives water through the core by 
natural circulation. 
 
It should be noted that this PhD project is focussed on elucidating the key phenomena 
occurring during the reflood phase of a LB-LOCA.  This requires understanding of 
the rewetting process occurring in reflood, and specifically bottom-up rewetting. 
 
 Before further consideration of the reflood process (Section 2.2) and a more 
detailed description of the phenomenological characteristics and effects involved, 
some of the key terminology and concepts are introduced in Section 2.1.3.   
 
2.1.3 Terminology 
 Rewetting (or reflooding) is the re-establishment of liquid contact with a solid 
surface whose temperature is initially too high to easily wet (see minimum film 
boiling temperature, or Leidenfrost temperature below).  Common examples 
(Duffey & Porthouse, 1973) include the rewetting of dry patches in forced 
convection two-phase flow, following dryout in rod clusters or boiler tubes, or 
in the quenching of overheated rod clusters by cooling water injected by the 
emergency core cooling system following postulated loss-of-coolant accidents 
in water reactors.  Surface rewetting is essential in these cases for the 
reinstatement of normal and safe temperature levels. 
 
 During rewetting, heat is conducted through the solid wall from the dry region 
to the wetted surface and is transferred to the liquid by convection and other 
mechanisms e.g. boiling and intermittent contacts.  The surface that is still dry 
can also directly lose heat through precursory cooling, which occurs with 
minimal contact between the liquid and the wall. 
 
 The quench front is defined as the moving boundary between the wet and the 
dry regions (Pearson, 1984), and it is sometimes associated with the boundary 
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between the transition boiling and the film boiling regions (Carbajo, 1985) 
(though the detailed local mechanisms are likely to be very different between 
the steady boiling and transient rewetting cases).  A quench front is formed at 
the bottom of the pins and the steam flow generated at the quench front 
entrains water (carryover, see liquid carryover or entrainment) into the core 
(White & Duffey, 1976).  The quench front advances due to both local 
conduction cooling in the fuel pin cladding, and convection due to the 
carryover and steam (see later). 
 
 There are four parameters that are commonly used to characterise fundamental 
reflooding behaviour, as identified by Yadigaroglu (1978):  the temperature 
rise (ΔTrise), the turnaround time (tturn), the quench time (tquench), and the 
quench temperature (Tquench).  These parameters are defined in Figure 2.6. 
 
 
Figure 2.6:  Typical mid-plan cladding temperature behaviour for constant-flooding-rate test 
(from Yadigaroglu, 1978) 
 
 An area where there is enormous confusion in the literature is that concerning 
rewetting temperature or quench temperature. This temperature is a 
postulated critical temperature, above which the liquid cannot efficiently 
contact the wall. This may be hypothesised to correspond to the temperature of 
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the hot surface just downstream of the quench front.  Duffey & Porthouse 
(1973) obtained approximate values for this temperature from studies of 
rewetting by falling films and bottom flooding; these lie in the range of 190 – 
250 °C.  However, these results cannot be considered very reliable because of 
the limitations in measurement methods.  Work by Pereira (1998) using 
deposited micro thermocouples indicated that the quench front temperature 
was close to the homogeneous nucleation temperature (308
o
C for water at 
atmospheric pressure).  Complex transient heat transfer mechanisms occur 
which are related to explosive boiling and which cause rapid changes in 
temperature over very short distances (typically of the order of 1 mm). 
 
 The rewetting temperature is sometimes referred to as the calefaction or 
sputtering temperature.  It is also sometimes related to the minimum film 
boiling temperature, TMFB (see Figure 2.7 and associated discussion below) 
(Lee & Shen, 1985; Carbajo, 1985).  A particularly difficult terminology used 
widely in the literature is that of Leidenfrost temperature which is loosely 
defined at the temperature at which there is no contact between droplets and 
the surface due to the presence of a thin interlayer of vapour cushion below the 
droplet.  However, heat transfer without contact can take place at much lower 
temperatures than the commonly assumed limit and the physical basis of the 
definition is insecure.  The confusion arising from the use of the term is 
discussed by Olek et al. (1997) and it is probably best to avoid its use.  
 
 Heat transfer to steam and droplets in the dry region reduces the dry wall 
temperature and this may affect the movement of the quench front.  The 
velocity of the advancing quench front is usually designated as the rewetting 
velocity or the quench front velocity. 
 
 Critical Heat Flux (CHF) refers to an abrupt rise of wall temperature induced 
by a slight change in one of the flow variables.  It describes the thermal limit 
of a phenomenon where a change occurs at the surface leading to a sudden 
decrease in the efficiency of heat transfer.  This point is of crucial importance 
because, if the heat flux is fixed, then the heated surface temperature rises 
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sharply and this may cause damage to the surface (hence the name burnout 
which has been used by many workers to describe the phenomenon).   
 
In sub-cooled conditions and at low qualities, CHF corresponds to the 
transition from nucleate to film boiling, which is also called the Departure 
from Nucleate Boiling (DNB).  In these circumstances, CHF is due to the 
sudden onset of inefficient heat transfer through a vapour film formed across 
the surface, resulting from the replacement of liquid by vapour adjacent to the 
heated surface.  More specifically in the nuclear industry, DNB refers to the 
point at which the heat transfer rapidly deteriorates giving rise to an increase 
in fuel surface temperature due to the insulating effect of a steam blanket that 
forms on the rod surface.   
 
In annular flow, CHF corresponds to the drying out of the liquid film on the 
tube wall.  Along the flow path in annular flow, liquid is removed from the 
wall by the processes of evaporation and droplet entrainment and the film is 
replenished by droplet deposition. CHF (sometimes called dryout in this 
region) occurs when the integral effects of these processes leads to the drying 
out of the film; for uniformly heated channels, dryout occurs first at the end of 
the channel whereas, for non-uniform heating, dryout may occur upstream of 
the end of the channel.  The important point about dryout as distinct from 
DNB is that it is an integral rather than a local phenomenon.  
 
For DNB (as associated with a film boiling transition), the variation of heat 
flux with temperature is usually of the form shown in Figure 2.7.  At CHF, the 
surface temperature is the critical heat flux temperature, TCHF as shown. In 
heat-flux-controlled systems, an increase in heat flux from CHFq  will shift the 
system from point A to point B, as indicated in Figure 2.7, with a much higher 
temperature (TB) which could result in physical damage to the surface 
(burnout).  
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Figure 2.7: Pool boiling curve for saturated water at atmospheric pressure (from Carbajo, 1985) 
 
 In the film boiling type of transition with a heat flux controlled surface, if the 
heat flux is reduced from the CHF, the temperature falls from TB to the 
minimum film boiling temperature, TMFB (see Figure 2.7) with the film 
boiling mechanism still prevailing. There is then a transition at the 
corresponding minimum heat flux back into the nucleate boiling region.  The 
transition boiling region (see Figure 2.7) can only be entered if the surface 
temperature rather than surface heat flux is controlled.  In the case of a film-
boiling (DNB) type of CHF with a heat flux controlled condition, therefore, a 
typical hysteresis in wall temperature occurs as shown in Figure 2.7.  After 
DNB, film boiling (and a consequently high wall temperature) is maintained 
as the heat flux is reduced until, finally, a transition back into nucleate boiling 
is seen at the minimum film boiling heat flux.  For a film dryout transition, the 
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situation is totally different (Bennett et al., 1967).  The dryout point moves 
reversibly down and up the channel as the heat flux is increased and 
decreased.  At a given point on the channel wall, there is a temperature 
excursion as dryout is entered and a further increase in wall temperature 
occurs as the heat flux increases (as the dryout transition moves further 
upstream from the measurement point).  However, if the heat flux is then 
reduced, the dryout transition moves back towards the measurement location 
and the temperature is identical to that previously observed during the increase 
of heat flux.   
 
 
 If the liquid is introduced at a temperature below the saturation point, then the 
liquid is said to be subcooled.  The extent of subcooling is generally defined 
in terms of temperature or enthalpy as follows:  
 
 sub s inT T T   , (2.1) 
 sub s inh h h             (2.2)  
where inT  is the inlet temperature, inh is the inlet enthalpy and lgh  is the latent 
heat of vaporisation. 
 
 Quality, x, is usually defined as the ratio of the vapour mass flowrate to the 
total mass flowrate: 
 
 G TP L
L G G L
m h h
x
m m h h

 
 
          (2.3)  
where Gm  and Lm  are the mass rates of flow [kg s
-1
] of the vapour and liquid 
respectively.  For thermodynamic equilibrium, the quality is usually calculated 
from the specific enthalpy ( TPh ) of the vapour-liquid mixture  
[J kg
-1
] and the saturation enthalpies of the vapour and liquid phases 
( Gh and Lh ) as shown.  Note that if TP Lh h , then the quality calculated from 
the enthalpy is negative. 
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 Void fraction (dimensionless) is the percentage of the volume taken up by the 
voids (the vapour phase) over the total volume of the material present.  It 
describes the portion of a channel (in space or time) which is occupied by the 
vapour phase at any instant.  Usually, the instantaneous value is integrated 
over a time period to give a time-averaged value.  It should be noted that in all 
two-phase flows, the local velocity and local void fraction vary across the 
channel, perpendicular to the direction of flow.  
 
 The liquid carryover or entrainment is the liquid mass flowrate [kg.s-1] 
leaving the top of the core (Yadigaroglu, 1978).  This is different from the 
carryover fraction, which is the ratio of the total flowrate (i.e. of steam and 
water) at the core exit plane to the total (i.e. all liquid) flow at the core inlet.  It 
should be noted that the carryover fraction is well below unity at the beginning 
of reflooding while the liquid level is building up in the core and it reaches the 
value of 1 asymptotically when the core is completely recovered and a steady-
state hydrodynamic regime has been established. 
 
 Droplet deposition refers to the deposition of the liquid droplets onto the 
liquid phase (for example, in the case of falling film and annular flows) and/or 
heated surfaces. In an adiabatic flow, it is possible for an equilibrium situation 
to be ultimately reached in which the rate of droplet entrainment is equal and 
opposite to the rate of droplet deposition.  However, in most practical 
situation, and especially in flows with evaporation or condensation, there are 
significant departures from equilibrium (Hewitt & Govan, 1990).   
 
 
2.2  PHYSICS OF THE REFLOOD PROCESS 
Despite our focus on PWR reflood, as previously highlighted, one has to keep in mind 
that there are two main types of rewetting (or reflooding) processes relevant to nuclear 
reactors.  This was observed in Duffey & Porthouse (1973), as illustrated in 
Figure 2.8, and is further detailed in Figure 2.9.  The first one is top spraying of 
coolant in which water falls down the fuel element as a film, as applied in a Boiling  
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Figure 2.8:  Typical physical phenomena in rewetting: a) Schematics (from Duffey & Porthouse, 
1973); b) Typical bottom flooding and falling film rewetting behaviour from experimental 
visualisation at atmospheric pressure using subcooled water (inlet water temperature of 15 °C) 
for initial wall temperature of 700 °C (from Piggott & Duffey, 1975). 
 
(a) 
(b) 
FALLING 
FILM 
BOTTOM 
FLOODING 
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Water Reactor (BWR) spray cooling system.  The second type is rewetting by an 
upflow of cooling water, otherwise known as bottom rewetting (or „bottom 
flooding‟), which is relevant to BWR and PWR core reflooding.  The flow regimes 
appearing in these two cooling processes can be different.  As a result, the processes 
can exhibit considerably different physical phenomena.  For instance, a top reflooding 
system produces a counter-current flow of steam and water, whereas in the bottom 
reflooding case the flow is always cocurrent.  For high temperature surfaces, however, 
it has been concluded (Duffey & Porthouse, 1973) that the physical processes 
involved in rewetting are identical for both types (i.e. both falling water films and 
bottom flooding). 
 
A number of experimental investigations have been carried out on rewetting 
and quenching of a hot surface by means of a falling film of water.  Examples of top 
rewetting experiments include Bennett et al. (1966), Duffey & Porthouse (1972), 
Duncan & Leonard (1970), Elliott & Rose (1970 and 1971), Pereira (1997), 
Shires et al. (1964), Yamanouchi (1968), and Yoshioka & Hasegawa (1970).   
 
However, as previously explained, the current research is conducted with a 
particular interest in the safety issues involved in the phenomena following a 
postulated LB-LOCA in a PWR, i.e. the bottom rewetting case.  For this reason, the 
review presented here will focus primarily on the literature relating to the 
experimental work that has been carried out for the bottom flooding case.  Therefore, 
only bottom rewetting experiments are further reviewed and presented in Section 2.3. 
 
2.2.1 Phenomena 
To understand the reflood phase better, it is necessary to introduce the quenching 
phenomenon.  Quenching (or rewetting) is a transient process that occurs when a hot 
surface is brought into contact with a liquid coolant.  This is usually achieved by the 
sudden cooling of a hot object when immersed in a liquid such as oil or water.  In the 
present context, it is more specifically referred to as the re-establishment of liquid 
contact with a solid surface, whose initial temperature exceeds the rewetting 
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temperature (otherwise known as the sputtering temperature, see Section 2.1), i.e. the 
maximum value for which the surface may wet.   
 
Rewetting may occur in very different situations, as presented in Figure 2.9, 
including the collapse of vapour film, top flooding, bottom flooding, dispersed 
rewetting, Leidenfrost boiling and pool boiling.  The first four types are classified as 
forced convective rewetting and the last two arise under no-flow conditions.  
Examples of quenching phenomena widely exist in nature and industrial applications, 
including metallurgical quenching after casting (Köhler et al., 1990a and 1990b) or 
extrusion and forging (Dieter, 1961 and Van Vlack, 1960), the interaction between 
volcanic lava emissions and seawater and the quenching of a container wall when 
filled with a cryogenic liquid at room temperature.   
 
 
Figure 2.9:  Types of rewetting (from Groeneveld, 1984) 
liquid-
wall 
contact 
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General modelling and code development issues relating to rewetting have 
been discussed by Carbajo & Siegel (1980), Simopoulos (1978), and 
Yadigaroglu et al. (1993).  Experimental and analytical work in this area has also been 
reviewed by Collier (1982), Pereira (1997), Saeed & Peterson (1991) and 
Nelson & Pasamehmetoglu (1993). 
 
Many different phenomena occur in the reactor core and the pressure vessel 
following a LB-LOCA and these can be very complex.  One of the more 
comprehensive summaries of the various phenomena that have been identified can be 
found in Figure 2.10.  The entire range of thermal regimes is present during reflood 
due to the high temperatures of the fuel rods (Levy, 1999).  These regimes are upward 
single-phase liquid flow, followed by nucleate boiling, transition boiling, dispersed 
droplet flow, and steam flow.  These are explained in more detail in Section 2.2.3.  It 
should be noted that higher steam velocities and liquid entrainment occur in the 
central region of the core due to more power being produced.  The entrained liquid 
provides the cooling effect.  The temperature of the hot fuel rods can be reduced upon 
impact with the deposited liquid drops.  In addition, droplet de-entrainment takes 
place at the flow obstructions, such as the upper tie plate and grid spacers, resulting in 
local fuel quenching. 
 
In the upper plenum, some of the entrained liquid droplets evaporate, or 
become de-entrained, forming a two-phase pool.  Liquid from the upper pool can re-
enter the outer region of the core due to its reduced power generation and low upward 
steam velocities.  This forms a three-dimensional flow pattern, in which the flow is 
from low to high power regions within the core and in the opposite direction in the 
upper plenum. 
 
Moreover, as a result of the de-entrainment process inside the upper plenum, 
the liquid from the two-phase pool in the upper plenum could be carried over to the 
hot legs.  This carried-over liquid will evaporate in the steam generators, which may 
result in an increase of pressure in the steam generator and upper plenum.  This 
increase in pressure consequently reduces the reflood rate, which in turn lowers the 
amount of steam generated and liquid entrainment, causing a subsequent increase in 
Chapter 2:  GENERAL BACKGROUND REVIEW 
79 
the reflood rate.  An oscillatory behaviour is thus observed which continues with 
decreasing amplitude until the entire core is reflooded. 
 
 
Figure 2.10:  Refill/reflood phenomena in vessel during a PWR cold-leg large break  
(from CSNI, 1989) 
 
Inside the reactor core, the fuel is rewetted with the upward propagation of the 
quench front and the fuel temperature decreases to the water saturation temperature.  
Prior to the rewet, the fuel will reach a new peak temperature, which rises with 
decreasing reflood rates and an increased fuel power generation.  In most PWRs, two 
or more peak clad temperatures are expected during a LB-LOCA, with the first peak 
being the largest as it is associated with the blowdown phase, and hence involves the 
initial stored energy in the fuel rods.   
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As previously stated, the work involved in this research project will focus on 
the complex phenomena occurring during the reflood phase only.  In addition to the 
reflooding phenomena identified, Naitoh et al. (1977) recognised four main issues 
involved in the reflooding process: 
1) the key phenomena that govern the start of effective cooling; 
2) the minimum water head to keep the whole core submerged; 
3) the pressure required to inject cooling water into the core with bypass flow; 
and 
4) the nature of steam binding in the core upper plenum, which suppresses the 
rate of cooling water injection into the core. 
 
In the past three decades, the quenching phenomenon has received much 
investigation; primarily due to the significant role it plays in nuclear reactor safety 
(Rohsenow et al., 1998).  The specific interest in the processes of rewetting a vertical 
tube or rod arises because of the importance of Emergency Core Cooling (ECC) in 
nuclear reactors (Ishii, 1975).  A postulated LOCA (as introduced previously) is the 
consequence of the rupture of a cold leg, leading to the most severe conditions in 
which the coolant, initially at high pressure and large enthalpy, escapes from the 
system in a very short time.  This means that the reactor core becomes uncovered and 
the fuel elements become overheated, so that rapid cooling is critical.   
 
Before introducing the boiling processes occurring during the quench process 
in Section 2.2.3, a brief description of the regimes of two-phase flow is given in 
Section 2.2.2. 
 
2.2.2 Two-Phase Flow in Vertical Pipes 
Multiphase flow is characterised by the existence of interfaces between the phases and 
discontinuities of associated properties.  The different configurations that two-phase 
flows can arrange themselves into when flowing co-currently in a channel are called 
flow patterns or flow regimes.   
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There are four types of two-phase flow: gas-liquid, gas-solid, liquid-liquid and 
liquid-solid.  Of these, gas-liquid flows are the most complex, due to the 
characteristics of a deformable interface and the compressibility of one of the phases 
(Hewitt, 1982).  For a two-phase mixture of a gas and a liquid flowing together in a 
channel, different internal flow geometries or structures can occur depending on the 
sizes or orientation of the flow channel, the magnitudes of the gas and liquid 
flowrates, and the fluid properties of the two phases.  These different flow patterns in 
the case of an upward gas-liquid flow in a vertical circular duct are illustrated in 
Figure 2.11.  
 
 
Figure 2.11:  Flow patterns in the vertical direction 
 
 In bubble flow the liquid flows as the continuous phase with the gas dispersed 
in the liquid in the form of bubbles of variable shape and size.  
 
 As vapour flowrates increase, bubble coalescence increases leading to larger 
bubbles, and ultimately bubble diameters approach the pipe diameter.  The 
flow becomes slug flow, which is characterised by large gas bubbles almost 
filling the channel and separated by slugs of liquid containing small bubbles. 
 
 In churn flow, the liquid may be flowing up and down in an oscillatory 
fashion within a liquid film on the channel wall.  The liquid phase is 
transported upwards in large waves on the interface and there are regions of 
falling liquid film flow between the waves.  This flow regime occurs between 
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the slug flow and the annular flow regimes and is initiated as a result of 
flooding in the Taylor bubbles in slug flow (Hewitt & Jayanti, 1992). 
 
  Annular flow consists of an annular liquid film and a gas core with or without 
drops of liquid entrained within it.  If the gas velocity is high enough, there 
may be large amplitude waves in the liquid-gas interface which break up.  The 
break-up of these waves is the source of the droplets in the gas core. 
 
 Wispy annular flow occurs when the concentration of the amount of liquid 
drops in the gas core increases with increasing liquid flowrate.  Eventually, the 
liquid concentration within the core is sufficient to lead to agglomeration of 
the droplets into characteristic structures of large lumps or streaks (“wisps”) of 
liquid. 
 
The above descriptions of flow patterns apply to flow in round tubes.  In a 
PWR LOCA, two phase flow takes place in the space between the nuclear fuel rods.  
Reliable calculation of the flow and heat transfer rates during this transient process 
depends on the prediction of transitions between different flow patterns.  As a result, a 
number flow pattern transition studies of the case of two phase steam-water upflow in 
rod bundles have been carried out (e.g. Bergles et al., 1968; Venkateswararao et al., 
1982; and William & Peterson, 1978).  
 
In the experimental study of Venkateswararao et al. (1982), a rod bundle 
geometry consisting of 24 rods in a cylindrical shell was constructed.  The rods were 
1.27 cm in diameter and were arranged in a square pitch of 1.75 cm.  The cylindrical 
shell had an inner diameter of 8.89 cm with a wall thickness of 0.64 cm.  Using this 
experimental facility, Venkateswararao et al. (1982) visually observed the following 
flow patterns: 
 
 Bubble flow, in which bubbles with diameters less than the characteristic 
spacing between the rods flowed upward, distributed within the liquid phase.  
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 In slug flow, large bubbles moved upward, followed by a liquid slug carrying 
small distributed bubbles.  The liquid around the large bubble flowed down as 
a film along the rods.  In particular two types of large bubbles were observed 
by Venkateswararao et al. (1982): 
 
1. Shroud Taylor bubbles, which are large Taylor-type bubbles whose caps 
are penetrated by a number of rods.  In some cases these bubbles were 
large enough to occupy almost the entire cross sectional area of the 
cylindrical shell.  In general, this type of bubble is only observed when 
there is a sudden increase in the gas flowrate. 
2. Cell Taylor bubbles, which are nearly spherically capped bubbles 
occupying the space in a four rod cell whose caps were not penetrated by 
the rods.  
 
 Churn flow.  This flow pattern is characterised by irregular alternating motion 
of the two phases.  In slug flow the propagation velocities of the large bubbles 
and the liquid slugs are always uniformly upward while that of the film 
alongside the bubble is uniformly downward.  However, the direction of the 
liquid flow during churn flow changes in an erratic and irregular way from 
upflow to downflow and vice versa.  Liquid flows downward, not only as a 
film, but also as units of liquid occupying much of the cross sectional area, 
which collects at lower positions and is then forced to rise again by the liquid 
and gas feeding from below. 
 
 In annular flow, liquid flows as a wavy film along the rods and the shroud 
while part of the liquid is carried by the gas as dispersed droplets. 
 
2.2.3 Boiling Process during Quenching 
As previously explained, bottom reflood occurs when the ECCS injects water into a 
PWR core.  In this case, two typical hydraulic configurations exist, as shown in 
Figure 2.12.  These two limiting cases are for low and high liquid feed rates 
(otherwise known as “flooding rates”) respectively (Nelson & Pasemehmetoglu, 
1993). 
Chapter 2:  GENERAL BACKGROUND REVIEW 
 
84 
For low flooding rates, some liquid droplets may be thrown out of the bulk 
liquid due to vapour generation below the quench front.  These droplets may be 
entrained into the vapour flow and hence carried up the channel if the vapour velocity 
is sufficient to overcome the effect of gravity on the droplet.  This phenomenon has 
received significant study (Elias & Yadigaroglu, 1978; Gunnerson & Cronenberg, 
1979; and Hewitt & Hall-Taylor, 1970).  The vapour flow containing entrained liquid 
droplets provides some precursory cooling above the quench front.  Below the quench 
front, there may be a region of annular flow as shown in Figure 2.12.   
 
 
Figure 2.12:  Flow and heat transfer regimes observed during bottom quenching:   
DNB = departure from nucleate boiling, DO = dryout, QF = quench front,  
and SAT = slug annular transition. (from Elias & Yadigaroglu, 1978) 
 
In contrast, for high flooding rates, the liquid is driven past the quench front, 
resulting in an inverted annular flow film boiling regime.  In this case there is an 
inverted annular flow (i.e. with the vapour at the wall and a predominantly liquid 
core).  This core provides precursory cooling above the quench front when compared 
with the low flowrate case.   
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In the region far from the front, there can be a dispersion of drops flowing 
upwards in a steam carrier stream; the surface remains unwetted.  This region is 
known as dispersed flow film boiling.  In this regime, the dispersed droplets act as 
heat sinks.  This alters the vapour superheat temperature such that the film boiling is a 
two-step process, in which heat is transferred to the continuous vapour phase from the 
heated walls and then transferred to the entrained water droplets by interfacial heat 
and mass transfer (Ireland et al., 2003).  The vapour temperature is therefore 
dependent on both wall heat transfer and interfacial heat transfer.  In addition, the 
entrained droplets can also affect the continuous vapour heat transfer from the heated 
wall by increasing the turbulence level in the flow, as a result of the additional 
interfacial drag which occurs within the flow. 
 
For the high flowrate case, evaluation of surface heat flux led 
Barnea et al. (1994) to define four heat transfer zones in terms of temperatures, as 
shown in Figure 2.13: 
 
 
Figure 2.13:  Schematic of the flow structure near the quench front (from Barnea et al., 1994) 
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 Zone A: Forced convection in the subcooled boiling liquid (
maxIB wT T T  ); 
 Zone B: Transition boiling phase-1 along the wetted surface (
max w rT T T  ); 
 Zone C: Transition boiling phase-2, which prevails in a small region close to 
the quench front (
r w ART T T  ); and  
 Zone D: Subcooled inverted annular film boiling, downstream of the quench 
front, in the dry surface area. 
 
where  ART is apparent rewetting temperature; 
rT is rewetting temperature; 
maxT is temperature at maximum heat flux; 
IBT is incipient boiling temperature; and 
ST is saturation temperature. 
 
A higher rewetting temperature was measured for higher initial wall 
temperatures.  It was also suggested that increasing the liquid inlet velocity increases 
the maximum heat flux released at the quench front.  It should be noted that, in 
experiments on falling film rewetting, Bennett et al. (1966) found that (at saturation 
conditions) the rate of progress of the rewetting front (and hence the rate of heat 
release at the front) was not affected by the liquid flowrate.  
 
More detailed definitions of the terminologies used in Figure 2.13 and a 
discussion of parametric effects on the rewetting and quench front temperatures can 
be found in Section 2.1 and Section 2.3.2.4. 
 
In an alternative approach, Sepold et al. (2001) considered the quenching 
process and the associated flow patterns and heat transfer coefficients in terms of the 
four boiling regimes shown in Figure 2.14: nucleate boiling, transition boiling, 
inverted annular film boiling and dispersed flow film boiling respectively.   These are 
similar to the boiling regimes defined by Elias & Yadigaroglu (1978) for case of high 
flooding rates, which are shown in Figure 2.12.  Sepold et al. (2001) noted that the 
steam generated with the entrained water droplets provides an instant cooling effect 
upwards along the bundle by convective heat transfer from the wall surfaces to the 
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steam.  This has also been observed by other investigators (e.g. Kimball & Roy, 1983 
and Nelson & Pasamehmetoglu, 1993).  The heat transfer from the rod in the inverted 
annular film boiling region is composed of a radiative component as well as a 
convection term: 
 
 4 4( )r s bq T T q             (2.4)  
where   is emissivity; 
 is Stefan-Boltzmann constant; 
rT is the temperature of rod surface; 
Ts is the temperature of the surrounding material (typically the saturation 
temperature in the case of a vapour film) 
bq is the convective heat flux. 
 
 
 
 
 
Figure 2.14:  Definitions of quenching terms and pertinent flow regimes (from Sepold, 2001)  
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In the dispersed flow film boiling regime, radiation, convection to steam and 
convection to water jets and droplets contribute to the heat transfer from the fuel rod 
to the water-steam mixture, i.e.: 
 
 4 4( )r s steam dropletsq T T q q              (2.5)  
where the heat transfer to steam, steamq , can be described by: 
 
  steam r sq Ch T T            (2.6)  
in which C is a constant, h is the heat transfer coefficient and  r sT T  is the 
temperature difference between the rod surface and the water-steam flow in the centre 
of the coolant channel. 
 
2.2.4 Limiting Processes for Quenching 
A useful classification of limiting processes for quenching is given by 
Nelson & Pasamehmetoglu (1993), as shown in Figure 2.15; four regions were 
identified as follows. 
 
 
Figure 2.15:  Classification of quenching regimens (from Nelson & Pasamehmetoglu, 1993) 
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a) Hydrodynamic-limited control. This occurs at low flowrates and wall 
temperatures, and is characterised by a lack of available fluid for cooling the hot 
surface.  This can be caused by one of the following three reasons: a) insufficient 
liquid film flow at high vapour flowrates at the dryout point, due to excessive 
entrainment and insufficient droplet deposition on the film; b) the flowrates are 
too low for the two-phase level to reach the surface height; and c) counter-current 
flow effects result in limitations on liquid flow. 
 
b) Convection-limited control.  This exists when the surface, though hot, is cooled 
rapidly or sufficiently by the flow above the quench front to allow easy 
quenching.  This is caused by large flows or high heat fluxes in the low-void 
fraction film-boiling region. In this case, control of the phenomenon is by 
convective flow downstream of the quench front. 
 
c) Conduction-limited control.  This occurs when removal rate of stored energy in 
the wall is governed by conduction.  In other words, heat is transported by 
conduction along the wall and is removed by convection at and in front of the 
quench front. 
 
d) Thermal-limited control.  In the above cases, there is usually sufficient fluid 
introduced to cool the hot surface as a result of evaporation.  However, in the 
thermal-limited situation, the wall-stored heat and heat generation exceed the fluid 
cooling capability even if all the fluid is evaporated. 
 
 
2.3 STUDIES OF REFLOOD 
Bottom reflooding experiments have been conducted fairly extensively; particularly in 
the United States, Canada, Europe and Japan.  These tests range from single tube 
reflood experiments to tests with full-length and full-size simulated rod bundles.  The 
single-channel reflooding experiments have been carried out mostly in Europe.  For 
clarity, both types of experiments are summarised in Table A.1 in Appendix 1 of this 
thesis.  These experiments are summarised in what follows; they have resulted in 
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identification of trends and in enhanced understanding of the reflooding heat transfer 
processes and the associated two-phase flow phenomena. 
 
2.3.1 Simple Geometries 
Some early attempts at visual observations of the quenching phenomenon were made 
by Andreoni & Courtaud (1972), Case et al. (1973), Duffey & Porthouse (1973), and 
Ishii and his co-workers (Ishii & DeJarlais, 1986; Ishii & DeJarlais, 1987; and 
Obot & Ishii, 1988).  However, one of the most revealing experiments was that 
reported by Costigan & Wade (1984) who used dynamic neutron radiography to 
visualise the processes occurring in reflood (Costigan, 1986).  This technique works 
in a similar way to the production of an X-ray image, but by attenuating a beam of 
neutrons rather than X-rays.  The neutron beam was derived from the DIDO nuclear 
research reactor at the UKAEA establishment at Harwell, Oxfordshire (UK).  The 
stainless steel test tubular section was placed in the neutron beam and heated to 
temperatures of typically 600 °C.  Neutron absorption by the steel wall was small 
compared to that in the water rising in the tube and the progress of the rewetting 
process could be clearly visualised on a scintillation screen and the images on the 
screen were recoded on a video camera.  In these experiments, a single tube whose 
internal diameter was representative of a PWR sub-channel was chosen for the test 
section and the neutron imaging system provided a dynamic visual record of the 
quenching process at various positions along the tube.  Typical flow patterns at 
reflooding rates of 2.5, 5.0, 7.5 and 10.0 cm/s respectively were studied.  One of the 
sample flow patterns, at a reflooding velocity of 2.5 cm/s is shown in Figure 2.16. 
 
 
986) 
Figure 2.16:  Flow patterns observed at a reflooding velocity of 2.5 cm/s (from Costigan, 1986)  
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Costigan & Wade (1984) and Costigan (1986) analysed the effect of 
reflooding rates in both upflow and downflow inside a 600 mm long stainless steel 
tube of 12.2 mm O.D. and 9.25 mm I.D.  An example of this analysis is illustrated in  
Figure 2.17.  At lower reflood velocities, the post-dryout flow pattern shows a liquid 
filament which rapidly breaks down into large droplets that move slowly in a low 
velocity steam flow.  At higher bottom reflooding rates a pattern rather similar to the 
inverted annular flow pattern was observed.  These observations confirm studies 
carried out by Elias & Yadigaroglu (1978), Gunnerson & Cronenberg (1979), and 
Hewitt & Hall-Taylor (1970), as stated in Section 2.3.  A similar conclusion was 
drawn by Barnea et al. (1994); at high inlet velocities the dominant flow regime was 
observed to be the inverted annular flow in which a liquid core flowed in the centre of 
the channel surrounded by a vapour annulus, whereas at lower inlet flowrates an 
inverted slug flow regime typically prevailed.  
 
 
Figure 2.17:  Typical flow patterns at various reflood rates (from Costigan, 1986) 
 
Though the use of a metal tube coupled to neutron radiography allows a closer 
representation of the real case, useful insights can also be gained by using an annulus 
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channel with a transparent outer surface and a heated inner surface.  Phenomena on 
the inner surface can be observed using high speed photography.  Experiments of this 
type are reported by Lee & Shen (1985) and by Barnea et al. (1994).  Lee & Shen 
(1985) used this method to visualise bottom flooding and specifically to analyse the 
effect of vapour quality.  The flow visualisation showed that when the coolant vapour 
quality was greater than approximately 1%, a completely different flow pattern was 
observed during the rewetting transient from that observed when the coolant had no 
vapour content.  Barnea et al. (1994) reported experimental data and observations on 
the reflooding of an annular channel with an initial wall temperature below 600 °C 
and low inlet flowrates.  This work indicated the existence of a vapour film above the 
quench front, separating the heated surface from the liquid film flowing along the 
pipe.  It was shown that this vapour film extended well upstream of the quench front.  
This observation will be explained more thoroughly in Section 2.3.2.6. 
 
2.3.2 Physical Parameters and Their Effects 
This sub-section considers the individual physical parameters influencing the reflood 
process.  Specific effects determined through numerous bottom flooding experiments 
are summarised here.  
 
2.3.2.1 Effect of Pressure 
Seban (1983) conducted experimental work on the reflooding of a vertical tube at 1, 2 
and 3 atmospheres.  His paper reports values for the approximate quench velocity as a 
function of the nominal initial wall temperature, the inlet coolant velocity and the 
system pressure.  The results demonstrated a somewhat irregular dependence on 
pressure.  However, for most conditions there was an increase in the quench velocity 
as the pressure increased from 1 to 2 atmospheres, and this trend either continued or 
remained constant as the pressure was further increased from 2 to 3 atmospheres.  In 
general, the quench elevation, and hence the quench velocity increased with the 
pressure.  This agrees with the observation of Duffey & Porthouse (1973), which 
indicates that there is a clear increase in rewetting rate with pressure as shown by the 
data plotted in Figure 2.18.   
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Figure 2.18:  Effect of pressure (adapted from Duffey & Porthouse, 1973): 
(a) Dependency of the rewetting rate upon mass flowrate; 
(b) Dimensionless inverse rewetting velocity against the effective Biot number. 
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It was also observed by Seban (1983) that a larger effect of pressure on the 
quench height and higher quench velocities occurred for higher coolant inlet flow 
rates.  This is because of the increase in quench velocity resulted in greater subcooling 
of the water below the quench front.  Seban (1983) also measured the steam and water 
carryover, since it is important to gain specific knowledge of the water carryover to 
enable estimation of the liquid rate leaving the quench front.  It was discovered that 
the liquid carryover increased with quench front velocity.  For a lower initial wall 
temperature, there was little consistent effect of pressure on the steam fraction in the 
fluid carried over, but the liquid fraction was found to decrease with an increase in 
pressure, with a substantial decrease from the value for one atmosphere pressure.  It 
should also be noted that only two of the three variables (system pressure, inlet 
temperature and inlet subcooling) can be controlled independently, according to 
Yadigaroglu (1978).  Yadigaroglu (1978) noted that, heat transfer increased 
significantly with pressure up to some pressure near 14 bara.  However, it was 
indicated by Thompson (1972) that the maximum predicted heat flux was independent 
of pressure.   
 
2.3.2.2 Flowrate and Subcooling 
The general trend observed by most investigators is that a higher flowrate reduces the 
quench time and enhances heat transfer throughout the transient.  This is influenced 
by the introduction of larger amounts of coolant into the channel and the resulting 
increase in liquid entrainment.  This is clearly demonstrated from the results of 
Duffey & Porthouse (1973) who performed bottom flooding tests with tubes and rods 
with a range of materials; their results are shown in Figure 2.19.  The rewetting front 
inverse velocity was obtained and plotted as a function of flowrate for different initial 
temperatures, together with the cold reflooding line as reference. 
 
From the experimental results of Piggott & Porthouse (1975), for a range of 
inlet subcooling and flowrate values (Figure 2.20) it is seen that an increase in 
subcooling results in a higher rewetting rate.  This effect is more evident at high 
flows.  Based on experimental data, Piggott & Duffey (1975) proposed a correlation  
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Figure 2.19:  Inverse rewetting rates as a function of flowrate (from Duffey & Porthouse, 1973): 
(a) 1.25 cm stainless steel rod in tube with a flow area of 1.91 cm
2
;  (b) 1.25 cm stainless steel rod 
in tube with a flow area of 3.68 cm
2
; (c) 0.627 cm stainless steel rod in tube with a flow area of 
2.83 cm
2
; and (d) 1.312 cm silica tube in tube with a flow area of 1.79 cm
2
. 
 
 
Figure 2.20:  Effect of subcooling on the rewetting rate (from Duffey & Porthouse, 1975)  
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to predict the quench front velocity as a function of the inlet mass flowrate and 
subcooling which has the form:  
 
  
0.4
cU G T             (2.7)  
where ρ and c are the density and specific heat capacity of the clad, U is the quench 
front velocity, and G and ΔT denote the inlet mass flowrate and subcooling 
respectively.  The correlation does not take account of initial wall temperature.  
 
The Piggot & Duffey correlation over-predicts the experimental data of 
Barnea et al. (1994) by more than 100% in some cases.  In contrast, the correlation of 
Edelman et al. (1985) yields satisfactory results for the high wall temperature and 
high inlet velocity and subcooling cases.  This correlation is given as: 
 
 
 
 
0.62 1 0.11  for tube with wall thickness of 0.7 mm
0.6 1 0.12  for tube with wall thickness of 0.9 mm
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          (2.8)  
where Uqf and Uin are the quench front and inlet water flow rates respectively and 
w is the dimensionless wall temperature defined as:  
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           (2.9)  
 
Equation (2.8) is applicable only in the range 3 7w  . For high initial wall 
temperature the quench front velocity vanishes and a static quench front may be 
established.  It should be noted, however, that the test matrix studied by 
Edelman et al. (1985) (inlet temperatures of 78 °C and 83 °C and wall thicknesses of 
0.7 mm and 0.9 mm) does not cover a wide enough range of inlet subcooling to 
constitute a systematic study of the effects of this parameter. 
 
From the studies of previous investigators (e.g. Yu, 1978; 
Yadigaroglu & Yu, 1983), the reflood behaviour changes during the course of the 
transient, as the liquid becomes saturated at the quench front.  It should be noted that 
as long as the liquid at the quench front remains subcooled, the accumulation of fluid 
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in the test section increases continuously, so that the collapsed liquid level proceeding 
the quench front and the quench front velocity remain approximately constant 
(Yadigaroglu, 1992).  The degree of subcooling at the quench front is proportional to 
the feed velocity and decreases with increasing inlet water temperature.  This is 
mainly due to the fact that the vapour generation and the vapour film velocity at the 
quench front increase with higher inlet flowrate.  It has also been noted that 
acceleration in the vapour film may induce Helmholtz instabilities (Obot & Ishii, 
1988).  Chen et al. (1979) emphasised that higher inlet subcooling in bottom flooding 
induced a significant increase in the film boiling heat flux with the resulting reduction 
in the dry wall temperature permitting a faster propagation of the wet front.  However, 
the degree of subcooling was not found to be an important parameter in top flooding 
according to Thompson (1974), though substantial subcooling would lead to faster 
rewetting rates. 
 
2.3.2.3  Effects of Quality 
In considering the effects of quality, one needs to make a clear distinction between 
quality downstream and upstream of the quench front.  Downstream of the quench 
front, the quality will generally increase with distance.  Thus, Barnea et al. (1994) 
noted that the flow pattern changed to dispersed flow and eventually to single-phase 
vapour flow with increasing vapour quality downstream of the quench front.  
Upstream of the quench front, quality also increases with distance but, in many 
instances, the fluid approaching the front is a subcooled liquid (with negative quality).  
However, there is no reason in practice why positive qualities should not exist 
upstream of the quench front.  A thorough experimental study of the effects of the 
coolant vapour quality in the incoming coolant on bottom flooding of a single tube 
was presented by Lee & Shen (1985).  From their flow visualisation studies, which 
are illustrated in Figure 2.21, it was observed that the influence of coolant vapour 
quality during the rewetting process was rather significant.  The inlet coolant flow 
regime could be bubbly, slug or annular depending on its vapour quality.   
 
Lee & Shen (1985) also showed that for an inlet vapour quality less than about 
0.5%, the general flow pattern of the rewetting flow during a bottom flooding was 
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similar to that for an inlet flow with zero vapour quality, as seen in Figure 2.21(a).  
However, when the inlet coolant vapour quality was greater than 1 to 2%, a 
completely different flow pattern was observed during the rewetting transient.  The 
coolant failed to wet the surface in the region ahead of the front due to the wall 
temperature exceeding the rewetting temperature, and the annular flow became a 
‘double annular flow’ pattern, as shown in Figure 2.21(b).  These differences in flow 
regimes achieved at different flow qualities would therefore induce a different heat 
transfer mechanism.   
 
 
Figure 2.21:  Flow visualisation for the effect of coolant vapour quality 
(from Lee & Shen, 1985): (a) Inlet coolant vapour quality less than 0.5%;  
(b) Inlet coolant vapour quality greater than 1-2%. 
 
Lee & Shen (1985) stated that past experimental studies showed that in all 
three modes of flooding (top, bottom and horizontal), for vapour quality less than zero 
(i.e. subcooled liquid), the rewetting front velocity is almost constant independent of 
position along the channel.  However, under the same experimental conditions, it was 
shown that the rewetting velocity ( qu ) increased with coolant inlet vapour quality, as 
shown in Figure 2.22.  An increase in initial wall temperature also results in a 
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decrease in the rewetting velocity.  It should also be noted that the coolant inlet 
subcooling is presented in Figure 2.22 as a negative quality.   
 
 
Figure 2.22:  Effect of initial wall temperature on rewetting velocity at various inlet coolant 
vapour qualities (from Lee & Shen, 1985) 
 
 
 
Figure 2.23:  Effect of coolant flowrate on rewetting velocity at various inlet coolant vapour 
qualities (from Lee & Shen, 1985) 
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When considering the combined effect of the coolant flowrate and the coolant 
inlet vapour quality, it is found that for a specified vapour quality, the rewetting time 
decreased with increasing coolant flowrate, as shown in Figure 2.23.  It is also shown 
that for a given coolant flowrate the rewetting velocity increases with increasing 
vapour quality at the inlet.  More discussion on the effects of rewetting velocity can 
be found in Section 2.3.2.5. 
 
Lee & Shen (1985) also found that rewetting temperature appeared to be 
independent of coolant vapour quality and coolant flowrate, although the rewetting 
temperature was affected by the initial wall temperature.  This observation will be 
discussed further in Section 2.3.2.4.   
 
2.3.2.4 Rewetting Temperature and Quench Temperature 
The rewetting (or quench) temperature was defined by Carbajo (1985) as the 
temperature of a hot solid surface at which a liquid can re-establish contact with the 
dry surface.  According to Carbajo (1985), this phenomenon takes place when the 
surface temperature is cool enough to allow a change in the heat transfer regime from 
film boiling to transition or nucleate boiling.  It is important to be able to estimate this 
temperature as it is essential in predicting the rate at which the coolant quenches the 
core of a PWR after a loss-of-coolant accident. 
 
Some authors distinguished between quench temperature and the rewetting 
temperature.  Gunnerson & Yackle (1981) defined the quench temperature as the 
temperature when rapid cooling of the fuel elements is started and the rewetting 
temperature as the temperature when direct liquid-solid contact is established.  In this 
case, the quench temperature is higher than the rewetting temperature.  Other authors, 
such as Barnea et al. (1994) and Kim & Lee (1979), however, defined quench 
temperature as the apparent rewetting temperature ( ART ), which is defined as 
illustrated in Figure 2.24.  
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Figure 2.24:  Surface temperatures vs. time for inlet coolant temperature of 30°C and heated wall 
temperature of 540°C (from Barnea et al., 1994) 
 
This temperature is slightly higher than the temperature corresponding to the 
change from transition boiling to film boiling (as previously defined in Figure 2.12 in 
Section 2.2.3), which was correlated by Kim & Lee (1979).  On the other hand, 
Barnea et al. (1994) suggested that the rewetting temperature ( rT ) should be defined 
as the temperature at which a triple interface (gas-liquid-solid) is formed.  This 
temperature was derived theoretically by Carslaw & Jaeger (1959): 
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, and lT  is 
the measured average bulk temperature at the quench zone. This calculated prediction 
is better than ±10 °C over the entire range of conditions covered in the experiments of 
Barnea et al. (1994). 
 
Kimball & Roy (1983) proposed a relationship between quench temperature 
and inlet velocity as shown in Figure 2.25, based on a study of the experimental data 
of Carbajo & Siegel (1980).  This study indicated that the quench temperature 
depended strongly on the coolant velocity at the bottom of the fuel rods.  The quench 
temperature approached the CHF temperature (indicated by CHFT  in Figure 2.25) at 
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very low inlet velocity (less than 0.15 m/s), and the minimum film boiling 
temperature (
MFBT ) at high inlet velocity. 
 
 
Figure 2.25:  Proposed variation of quench temperature with coolant inlet velocity 
(from Kimball & Roy, 1983) 
 
Kimball & Roy (1983) interpreted their results in terms of the generalised 
boiling curve shown in Figure 2.26.  For an intermediate value of coolant inlet 
velocity, the proposed quenching scenario is shown as E-D-C-B-A.   In this case the 
flow passes from stable film boiling (E-D) to transition boiling (D-C), to nucleate 
boiling (C-B) and finally to forced and natural convection (B-A). 
 
Lee & Shen (1985) stated that there are two important parameters that control 
the rewetting process: the heat transfer coefficient distribution in the region of the 
rewetting front, and the rewetting temperature.  Therefore, it was agreed that 
ultimately the effect of any variable on the rewetting phenomena must be explained in 
terms of these parameters.  The effect of inlet coolant vapour quality on the rewetting 
temperature is illustrated in Figure 2.27.  It was observed by the authors that for a 
given initial wall temperature, the rewetting temperature is unaffected by the coolant 
vapour quality, but strongly affected by the degree of coolant subcooling. 
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Figure 2.26: The quenching scenario (from Kimball & Roy, 1983) 
 
 
 
Figure 2.27: Variation of rewetting temperature as a function of coolant vapour quality 
(from Lee & Shen, 1985) 
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Though one must be cautious in interpreting results for bottom reflooding in 
terms of observations on top reflooding, the experiments of Pereira (1998) on top 
reflooding indicate that the phenomena occurring in rewetting are highly localised and 
complex.  Thus, it seems likely from the Pereira results that the quench front is at a 
temperature near to the homogeneous nucleation temperature.  The temperature 
changes very rapidly upstream of the quench front as a result of a rapid cyclical 
sequence of liquid-wall contacts and explosive boiling.  These processes occur at a 
frequency of the order of 1 kHz and could only be observed with a high frequency 
response thermocouple system such as the one used by Pereira (1998).  It could be 
reasonably hypothesized that similar processes are occurring at the quench front in 
bottom reflooding.  The complexity of these local processes makes it unlikely that a 
quantitative relationship exists between the quenching process and the steady state 
boiling curves. This is clearly an important area for further study!    
 
2.3.2.5 Rewetting Velocity 
The prediction of the rewetting velocity, otherwise known as the quench front 
velocity, has been the main goal of many theoretical (Carbajo & Siegel, 1980; Elias & 
Yadigaroglu, 1978; and Olek, 1988) and experimental investigations.  Duffey & 
Porthouse (1973) summarised the outcomes from experimental investigations carried 
out by a number of researchers in the early 1970s (e.g. Andreoni & Courtaud, 1972; 
Cadek et al., 1971; Campanile & Pozzi, 1972; Martini & Premoli, 1972; and Riedle & 
Winkler, 1972).  In their own rewetting experiments they used a wide range of 
materials (stainless steel rod or silica tube inside a Pyrex tube) and experimental 
conditions (surface temperatures of 300-800 °C; water flowrates of 0.1-30 g/s).  From 
these experimental studies it was found that the advance of the rewetting front was 
characterised by violent boiling at the front and that the rate of propagation (i.e. the 
rewetting velocity) was significantly less than that for a cold surface.  It was also 
found that the rewetting velocity was nearly constant with time, and that it was a 
function of surface temperature, coolant temperature, coolant flowrate and pressure. 
 
Barnea et al. (1994) calculated rewetting velocity from the measured wall 
temperatures.  For all the initial conditions considered, the wall temperature changed 
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gradually during the early phase of the transient due to early cooling by steam and the 
two-phase mixture produced at the lower part of the annulus section.  This continued 
until quenching occurred, at which time the wall temperature dropped sharply to an 
almost steady value corresponding to the local fluid temperature. 
 
The time required for the quench front to reach a specific elevation along the 
heated tube, i.e. the quenching time, has also been found to depend on the initial wall 
temperature as well as on the inlet water conditions.  Chen et al. (1979) found that an 
increase in the coolant flowrate resulted in a higher rewetting velocity under a specific 
condition.  This is partially due to the improved pre-cooling which causes a reduction 
in the rewetting temperature which in turn increases the rewetting velocity.  This is in 
agreement with the experimental results of Seban (1983), conducted at various 
pressures, from which it was observed that higher initial temperatures and/or lower 
feed velocities produced a lower rewetting velocity.  This effect is consistent with the 
results of Lee & Shen (1985), as explained in Section 2.3.2.3.  This observation is also 
in agreement with the more recent experiments conducted by Saxena et al. (2001), 
which led to the conclusion that the rewetting velocities for all given initial surface 
temperatures increased approximately linearly with coolant (water) flowrate.  At a 
given water flowrate, the rewetting velocity decreases with an increase in initial 
surface temperature.  Based on data obtained, Saxena et al. (2001) developed a 
correlation for the rewetting velocity, which is given as follows: 
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, in which ST  and SPT  are the saturation and sputtering temperatures 
respectively. 
 
Equation (2.11) is applicable for an initial surface temperature, iT , within the 
range 200-500 °C.  However, from the perspective of nuclear reactor safety, which is 
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the main concern of the current studies, an initial surface temperature higher than 200 
°C is more relevant.  For this reason, a second correlation excluding the data at an 
initial surface temperature of 200 °C was also developed by Saxena et al. (2001): 
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In addition to developing several correlations, Saxena et al. (2001) compared 
results from top and bottom flooding and observed that for a given initial surface 
temperature and cooling water flowrate the rewetting velocity was higher for bottom 
flow rewetting than for the top flow case. 
 
2.3.2.6 Vapour Film Thickness and Void Fraction 
High speed photography of the quench region was applied by Barnea et al. (1994), as 
previously introduced in Section 2.3.1.  This indicated the existence of a vapour film 
above the quench front, separating the heated surface from the liquid film flowing 
along the annulus test section.  It also showed that the quench front itself consisted of 
a wavy liquid contact line surrounding the central tube and flowing in an oscillatory 
manner along the heated wall. 
 
Barnea et al. (1994) also made two further observations.  Firstly, the void 
fraction at the quench front itself was always greater than 0.  Secondly, for the region 
20-40 mm downstream of the quench front, the vapour film thickness was almost 
constant (1-2 mm) and after that increased monotonically with the distance from the 
quench front. 
 
2.3.3 Blockages due to Clad Ballooning and Spacer Grids 
Having considered the generic physical parameters associated with rewetting, there 
are a number of system-specific issues arising within the area of nuclear safety.  
Examples include the effects of wall deformation which leads to clad ballooning and 
burst, and spacer grids.  Considerations of the effects of different wall materials and 
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thickness and of the hydrogen formation due to oxidation during reflooding are also 
important.   
 
Zirconium alloys are widely used in the nuclear and chemical industries due to 
their low neutron absorption and excellent mechanical and corrosion properties.  More 
specifically, as introduced in Chapter 1 and summarised in Table 1.1, Zircaloy-4 (with 
approximately 1.5 wt% tin as the major alloying element) has been used for nuclear 
applications in the majority of western PWRs.  The zirconium alloy based cladding 
for the fuel can potentially withstand temperatures over 1000 °C, but when the 
temperature reaches around 800 °C, zirconium starts to transform from the alpha to 
the beta phase.  This allows oxygen to dissolve in the metal and embrittles the 
material.  A large data bank is already available for the oxidation kinetics of this alloy 
over a wide range of temperatures, from operating conditions to the temperatures 
expected during hypothetical severe accidents (e.g. Cox, 2005 and Schanz et al., 
2004).  It should be noted that hydrogen formation aggravates cladding embrittlement, 
particularly after the reflood phase.  For this reason, Zircaloy-4 is being substituted by 
more advanced cladding materials optimised for high burnup and long operation times 
in nuclear power plants (Steinbrück et al., 2010).  Nonetheless, the oxidation 
correlations used in most of the existing computational codes that have been 
developed to simulate accident scenarios still primarily rely on Zircaloy-4 data.  More 
recently, Steinbrück et al. (2010) produced an overview on the status of knowledge of 
high-temperature oxidation of the two zirconium alloys, Zircaloy-4 and E110 (the 
niobium-bearing alloy, Zr1%Nb, used for cladding and structure materials in the 
Russian RBMK and VVER nuclear reactors). 
 
Another aspect that requires understanding is the heat transfer process in the 
gap between the outer surface of the fuel and the inner surface of the cladding.  The 
effects of a gas gap on the rewetting of a UO2-filled Zircaloy tube have been 
examined experimentally by Piggott & Duffey (1975) and theoretically by 
Pearson et al. (1977).   
 
Although issues related to the material properties and heat transfer between the 
fuel and inner surface of the cladding are extremely important considerations, they are 
not examined in more detail here.  This section mainly surveys studies carried out in 
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the area of clad ballooning (Section 2.3.3.1), since flow diversion due to clad 
ballooning is the main focus of the current research.  Other post-CHF effects due to 
blockages and obstacles inside a flow channel, such as the effects of spacer grids 
(Section 2.3.3.2), will also be briefly examined. 
 
2.3.3.1 Clad Ballooning 
Following a LOCA, the reactor core might become uncovered and the fuel elements 
would start to overheat.  As described in Chapter 1, a significant pressure exists in the 
fuel rods due to helium introduced during manufacture and the generation of fission 
product gases.  Following a LOCA, the system pressure falls rapidly to a value below 
the pressure inside the rods.  Moreover, the fuel rods have a rather ductile Zircaloy 
clad so when they overheat they are liable to expand radially, to produce a “balloon”, 
and this may further reduce the availability of the core coolant flow for the rewetting 
process to take place.  A summary of experiments examining ballooned pins can be 
found in Table A.2 of Appendix 1.  
 
 
Figure 2.28:  Example of ballooned shape computed without the presence of spacer grids 
(from Ammirabile, 2003) 
 
According to Ammirabile (2003), ballooning may typically cause the 
diameters of the fuel rods to increase from ~10 mm to ~13 mm (as shown in  
Figure 2.28).  At such increased diameters, pins could potentially contact 
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neighbouring fuel pins, which would similarly expand radially.  Although unlikely, 
this scenario can be particularly severe if several adjacent rods balloon at the same 
axial level, causing a large coherent blockage, as shown in Figure 2.29.  The start of 
swelling leads to a reduction of flow area which may enhance the turbulence of the 
coolant flow locally, i.e. increases the fluid velocity in the ballooning region.  A 
higher fluid velocity encourages cooling of the rod and may inhibit further swelling.  
However, there may be a reduction in the cooling of the rods directly above the 
ballooned regions.  Knowledge of the heat transfer mechanisms in the vicinity of 
blockages in rod bundles is therefore essential in elucidation of the thermal-hydraulic 
response of the core during the reflood phase of LB-LOCA. 
 
 
Figure 2.29:  Blockage caused by coherent ballooning (from Ammirabile, 2003) 
 
Many single-rod, clad ballooning experiments have been performed to provide 
data for clad straining and rupture studies which are used to develop and validate 
particular models.  However, far fewer dynamic multi-rod ballooning experiments 
have been reported in the open literature.   
 
From the 1970s until now, fuel behaviour under LOCA conditions has been a 
focus of interest for many researchers.  A number of experimental programmes 
worldwide have therefore been devoted specifically to studying the rod cladding 
“ballooning” phenomenon incurred during a postulated LOCA transient. 
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The Nuclear Regulatory Commission/ Westinghouse Pressurised Water 
Reactor Full Length Emergency Cooling Heat Transfer (PWR-FLECHT) reflooding 
experiments conducted by Cadek et al. (1971 and 1972) were one of the early 
experiments to simulate flow blockage. 
 
Another experiment that falls into this category is the MT-3 ballooning test 
(Gibson, 1982 and Garlick, 1987), which was carried out as part of a series of tests 
conducted for the UK Nuclear Industry by Battelle, Pacific Northwest 
Laboratories (BNWL) in the Canadian National Research Universal (NRU) reactor.  It 
was one of the largest in-pile, multi-rod experiments with a full-length 32-rod PWR 
fuel bundle used during simulated LB-LOCA conditions.  In the MT-3 test, 12 central 
rods were pre-pressurised in order to evaluate the ballooning and rupture of cladding 
in the Zircaloy high-alpha/ alpha+beta temperature region (~1078 K).  The thermal-
hydraulics and ballooning behaviour of the rods was investigated during the heat-up, 
reflood and quench phases.  This experiment was used as a reference test of the clad 
ballooning safety case for the Sizewell „B‟ PWR and was of great importance in the 
validation of fuel behaviour and thermal hydraulic codes including BART (BART is a 
Westinghouse proprietary code, which uses an analytical solution of the heat-transfer 
equations with the assumptions of uniform cladding thickness, quasi-steady 
conduction and a cosinusoidal azimuthal temperature profile) and MATARE 
(Ammirabile, 2003), a multi-pin Relap model coupled to a pin structural code.   
 
Drucker et al. (1980) conducted bottom flooding experiments inside a quartz 
tube, with a four-rod bundle with stainless-steel sleeves located at the axial midplane 
of the bundle.  The geometrical details of the sleeves on one of the rods and the 
thermocouple locations are illustrated in Figure 2.30.  During the flooding process, the 
quenching phenomenon on the sleeved portion of the rod bundle was filmed.  
Simultaneously, temperature-time histories were also obtained.  Using these movies, 
the quench front location for the sleeved portion of the rod bundle as a function of 
time was determined as presented in Figure 2.31.  As shown in this figure, 
Drucker et al. (1980) identified five distinct regions near the sleeved region: 
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Figure 2.30:  Details of sleeve mounting on a four-rod bundle (from Drucker et al., 1980): 
(a) Geometrical details of the sleeve on one of the rods; 
(b) Plan view of the thermocouple locations in the bundle. 
 
 
Figure 2.31:  Quench front location as a function of time near the sleeved portion of the four-rod 
bundle (from Drucker et al., 1980) 
(a) 
(b) 
Chapter 2:  GENERAL BACKGROUND REVIEW 
 
112 
1) Region 1 lies ahead the sleeve by at least five diameters and seems to be 
unaffected by the presence of the sleeves.  The quench front velocity in this 
region is about the same (~17 cm/s) as an unblocked rod bundle. 
2) Region 2, which is the region within three diameters upstream of the sleeve.  
In this region, liquid cross-flow occurs as the liquid moves away from the 
blocked region within the rod bundle.  As a result, the quench front starts to 
accelerate due to the additional convection. 
3) Region 3 is on the sleeves.  In this region the quench front slows down to 
approximately 7 cm/s as a result of the difference in quenching behaviour of 
Zircaloy and stainless steel.  The swirling flow behind the blockage improves 
the heat transfer behind the blockages which in turn leads to formation of a 
secondary quench front about one diameter downstream of the sleeve. 
4) Region 4 is downstream of the sleeves.  The velocity of the upward-moving 
quench front in this region is approximately 7 cm/s, which is much smaller 
than that for an unblocked rod bundle (about 2.4 times smaller than for the 
unblocked case).  This is due to the flow bypass effect. 
5) Region 5 lies behind the sleeve by at least five diameters and similar 
behaviour and quench front velocity to Region 1 can be seen in this section. 
 
It should be noted that for the experimental results presented in Figure 2.31, a 
flooding velocity of 30 cm/s was used, and this is considered a much higher rate than 
normally expected for the ECCS injection following a LOCA.  The results obtained 
for quench front location with other flooding velocities indicated a significant 
dependence of the width of regions 2, 3, and 4 on the flooding velocity.  For example, 
at a flooding velocity of 2 cm/s, no secondary quench behind the sleeve was observed 
and the quench front velocity upstream and downstream of the sleeves was found to 
be about the same as for an unblocked rod bundle.   
 
 A number of experimental studies have been published comparing heat 
transfer in single-phase liquid and two-phase gas-liquid flows in relatively simple 
geometries (e.g. tubes).  An example of such studies is that of Koram & Sparrow 
(1978).  These studies have been reviewed by Collier (1972) and Michiyoshi (1978).  
Both reviews concluded that two-phase heat transfer coefficients are higher than 
single-phase heat transfer coefficients.  One of the reasons for this is that the 
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introduction of a gaseous phase has a tendency to increase the liquid-phase velocity.  
The ratio of two-phase to single-phase heat transfer coefficients for bubbly and slug 
flow increased with the cross-sectionally averaged void fraction.  However, heat 
transfer enhancement decreases with an increase in the liquid Reynolds number.  
Collier (1972) suggests this is a result of the bubbles present in low liquid Reynolds 
number flow, which greatly enhance the turbulence.  However, until the early 1980s, 
no quantitative studies existed in the open literature for single- and two-phase heat 
transfer in the vicinity of blockages, despite the fact that this is considered essential in 
understanding the thermal-hydraulic response of the core during LB-LOCA reflood.  
The experimental investigation of Drucker et al. (1984) was undertaken to address 
these concerns.  The set of experiments were conducted on an ohmically heated four-
rod bundle with sleeve-type blockages, in order to determine two-phase heat transfer 
coefficients in the absence of phase change, as shown in Figure 2.32.   
 
 
Figure 2.32:  Sleeve-type blockages used in the four-rod bundle (from Drucker et al., 1984): 
(a) Side view; (b) Top view.  
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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In all the experiments conducted by Drucker et al. (1984), demineralised water 
and nitrogen gas were used.  The single-phase heat transfer experiments were 
performed for 13 superficial liquid velocities ranging from 1-30 cm/s, corresponding 
to a Reynolds number range of 230-6900, based on a hydraulic diameter of 0.0223 m.  
Two-phase heat transfer data were obtained over a Reynolds number range of 1150-
3450.  The various combinations of liquid and vapour velocities yielded average void 
fractions in the range of 0.007 to 0.150.   For a flow with a liquid Reynolds number of 
3450, typical heat transfer coefficient profiles for single-phase and two-phase have 
been plotted in the region bounding 17 sleeve diameters upstream and downstream of 
the blockage midplane, as shown in Figures 2.33(a) and 2.33(b) respectively.  The 
results indicate that the presence of a discontinuous gas phase in a continuous liquid 
phase leads to significant agitation and turbulence that increases the wall shear stress 
and the wall heat transfer rate.  This agrees with the conclusions from previous 
reviews (Collier, 1972 and Michiyoshi, 1978).  It was also observed that the 
enhancement increases with an increase in the void fraction.  More specifically, when 
looking at the effect of clad ballooning and flow region blockage, considerable 
enhancement in heat transfer has been observed downstream of the blocked region 
within the rod bundles for both single and two phase flows.  This is a result of 
increased turbulence in the separation and reattachment regions.  Based on these 
observations, correlations have been developed for the heat transfer coefficient in the 
vicinity of flow blockages in rod bundles.  It was found that the magnitude of the 
enhancement depends on both the Reynolds number and the dimensionless 
group 2/ ReGr . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2:  GENERAL BACKGROUND REVIEW 
115 
 
 
 
Figure 2.33:  Variation of heat transfer coefficient in the vicinity of the blockage, Re = 3450 (from 
Drucker et al., 1984): (a) Single-phase heat transfer coefficient for both the inner and outer flow 
channels; (b) Inner channel two-phase heat transfer coefficient.  
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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The correlation of undisturbed and fully developed, two-phase rod bundle heat 
transfer is shown in Figure 2.34.  In this figure, the ratio of the two-phase to single-
phase heat transfer coefficient is given as: 
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                                (2.13)  
 
 
Figure 2.34:  Correlation of the two-component, two phase heat transfer enhancement for flow 
over a four-rod bundle (from Drucker et al., 1984) 
 
The two-phase heat transfer data downstream of the blockage has also been 
correlated.  In the inner channel, the enhancement in heat transfer includes the effects 
of both the blockage and presence of the discontinuous phase.  The ratio xmax is 
correlated as: 
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tpNu
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       (2.14)  
 
 It should be noted that a new correlation could be written by dividing 
Equation (2.14) by the correlation shown in Figure 2.34.  This cancels various 
uncertainties, consequently resulting in a smaller deviation of the data. 
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More recently, a state-of-the-art review article has been published by 
Grandjean (2007), which highlights the main experimental programmes related to clad 
ballooning and the coolability of blocked regions in a rod bundle after ballooning 
under LOCA conditions.  The author focussed the review on four major programmes: 
FEBA and SEFLEX in Germany, THETIS in the UK and FLECHT-SEASET in the 
USA.  All of these programmes have specifically concentrated on LB-LOCA 
scenarios and more particularly on blockage cooling under reflood conditions.  Using 
the conclusions drawn by Grandjean (2007) as a basis, the main characteristics of 
these programmes have been examined and will be described in what follows.  
 
Firstly, it should be noted that the problem of cooling partially blocked flow 
assemblies varies according to the type of LOCA, or in other words upon the break 
size.  However, the effects of cladding ballooning for a LB-LOCA scenario have been 
the main focus for the research described in this thesis and, hence, of the following 
discussion.  For a LB-LOCA case, flow blockages due to clad swelling mainly occur 
during the adiabatic and reflood phases (Grandjean, 2007).  In this case rods are 
cooled by a two-phase mist flow during the greater part of the thermal transient 
preceding rod quench.  Cooling conditions near a blockage were defined by 
Grandjean (2007) as the combination of the following complex thermal-hydraulic 
features: 
 
 Flow redistribution upstream and downstream of the blockage, which leads to 
a flow decrease within and downstream of the blockage, thereby reducing heat 
transfer in that region. 
 An increase in the liquid fraction in the coolant flow approaching the 
blockage, due to droplet inertia, which enhances heat transfer with blockage 
surfaces. 
 Intensification of turbulence within the blockage, caused by droplet impact on 
balloon surfaces and shattering which reduces steam superheat and favours 
cooldown. 
 
The consequence of these effects greatly depends on the blockage 
characteristics (blockage ratio, axial extension) and coolant conditions (flowrate, 
system pressure, inlet temperature).  The heat exchange between the cladding and 
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coolant in the vicinity of the blockage under LB-LOCA conditions is significantly 
related to the combination of the various effects listed above.  Several experimental 
programmes were therefore launched within the intention of assessing this specific 
issue.  As discussed previously, the four major programmes were considered by 
Grandjean (2007) were as follows: FEBA, SEFLEX, THETIS and FLECHT-
SEASET.   
 
FEBA programme 
 
The Flooding Experiments with Blocked Arrays (FEBA) and the Fuel Rod Simulator 
Effects in Flooding Experiments (SEFLEX) programmes were performed 
successively in the same facility at FZK (Forschungszentrum Karlsruhe).  The FEBA 
tests (see Ihle & Rust, 1984) involved performing tests of different effects under a 
range of reflood conditions (reflood rate, system outlet pressure and coolant inlet 
temperature) in order to quantify the effects of: 
 
1) a partial blockage in a bundle of fuel rods (Figure 2.35), with or without the 
presence of a bypass region, and  
2) the presence of spacer grids, 
 
on cladding-coolant heat exchange in the vicinity of the blockage.   
 
The FEBA test matrix consisted of 8 test series, each corresponding to a 
specific blockage scenario.   
 
It was observed from the FEBA tests that the temperature in the blockage was 
generally lower than in the bypass region, even for the case of 90% blockage.  When 
bypass did not exist, the coolability was significantly increased.  No detrimental 
behaviour was revealed in the case of the 62% blockage and there was only a 40 °C 
penalty upon the maximum temperature downstream of a 90% blockage.  However, 
the sleeves fitted on the heated rods used in the FEBA tests resulted in a delayed 
rewetting immediately downstream of the blockage due to axial thermal conduction 
along the rod cladding from the hot region located under the sleeve.  In a realistic 
PWR clad ballooning scenario, the fuel pin cladding would balloon proportionally,  
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Figure 2.35:  Simulation of blockage shape in FEBA 5×5 bundle (from Ihle & Rust, 1987) 
 
which would tend to reduce the cladding thickness and hence thermal inertia.  
Therefore it was pointed out that the FEBA tests may not be an adequate 
representation of realistic PWR conditions.  This criticism subsequently led to the 
SEFLEX tests being performed.   
 
SEFLEX programme 
 
The SEFLEX programme (see: Rust et al., 1985 and Ihle & Rust, 1987) was designed 
to evaluate the sensitivity of FEBA-type reflood test results on fuel rod and blockage 
simulations.  A test series using a 5×5 REBEKA rod (Figure 2.36(b)) bundle with 
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Zircaloy cladding was performed using the same operational procedures as the test 
series using 5×5 FEBA rods (Figure 2.36(a)).   
 
 
 (a) (b)  
 
Figure 2.36:  Cross section of electrically heated rods (from Rust et al., 1985): 
(a) FEBA rod; (b) REBEKA rod.  
 
The effects of the gap conductance on heat transfer and quench front 
progression during the reflood phase of a LOCA were also quantified.  The SEFLEX 
tests were divided into four series: 
 
1) Series 1:  performed on a blockage-free bundle containing 7 spacer grids.  The 
rods were pressurised with helium.   
2) Series 2:  a variation of series 1 using argon-pressurised fuels rods. 
3) Series 3:  involved a 90% blockage ratio near the mid-plane elevation in a 3×3 
cluster in the corner of the 5×5 array, with the mid-plane spacer grid removed.  
The schematic cross section of the 5×5 rod bundle geometry with 90% 
blockage is shown in Figure 2.37.  For these tests the fuel rods were 
pressurised with helium.  
4) Series 4:  a variation of series 3 using argon-pressurised fuel rods (also see 
Figure 2.37). 
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Figure 2.37:  Simulation of blockage shape in SEFLEX 5×5 bundle (from Ihle & Rust, 1987) 
 
The fuel rods were pressurised with helium or argon to study the effect of the 
gap thermal conductivity on the reflood behaviour.  It has previously been mentioned 
that helium is the typical filling gas for fresh fuel rods.  Argon was also used as its 
thermal conductivity roughly matches that of the fission gases mixed with helium 
found in high burn-up fuel rods.  The SEFLEX tests were carried out under the same 
reflood conditions as the FEBA tests. 
 
The results from the SEFLEX test indicated lower ballooned cladding 
temperatures than those of the bypass rod at all times.  In addition, cladding rewetting 
occurred for the ballooned rods at a considerably earlier stage (at approximately 15 s) 
than for a bypass rod (occurring between 130 to 150 s).  Figure 2.38 shows a  
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Figure 2.38:  Temperatures measured in the midplane of a 90% blockage and in the blockage 
bypass of FEBA and REBEKA rod bundles (from Ihle & Rust, 1987) 
 
comparison between the temperature transients measured at the midplane of the 90% 
blockage for a FEBA test (Plot A) and two SEFLEX tests, performed under identical 
reflood conditions (reflood rate of 3.8 cm/s and system pressure at 2.1 bar).  More 
specifically, Plot B illustrates the results from a SEFLEX test with helium-filled gaps, 
and Plot C presents the results from a SEFLEX test with argon-filled gaps.  The 
difference in behaviour between the FEBA and SEFLEX tests observed from 
Figure 2.38 can be explained by the much lower thermal capacity of fuel rod balloons 
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used in the SEFLEX tests in comparison to the FEBA sleeves, as well as greater 
thermal decoupling from the heater rod due to a larger gap.  After balloon rewetting, 
the temperature of the heater sheath underneath the balloon remained high; 
particularly for the argon-pressurised rod, due to the high thermal resistance in the gap. 
 
THETIS programme 
 
The THETIS programme was carried out by the United Kingdom Atomic Energy 
Authority (UKAEA) at the Atomic Energy Establishment at Winfrith (AEEW) using 
an electrically heated test facility.   A set of thermal-hydraulic tests were conducted on 
an assembly containing 49 full-length fuel rod simulators with an off-centre severe 
blockage of 90% (Pearson et al., 1983) or 80% (Cooper et al., 1984 and Jowitt et al., 
1984) over a length of 20 cm.  Four types of experiments were performed: single-
phase (nitrogen) flow heat transfer tests, forced reflood tests, gravity reflood tests and 
level swell tests. 
 
 Under a reflood condition of 2 bar and a feed water inlet temperature of 90 °C 
(i.e. 10 °C subcooling) the following observations were obtained from the series of 
forced reflood tests simulating a 90% blockage: 
 
1) Reflood rate of 3 cm/s:  the blockage was coolable, with the peak blockage 
temperature not exceeding the peak bypass temperature by more than 60 °C. 
2) Reflood rate of 2 cm/s:  the maximum blockage temperature rose above the 
facility operating limit, making it necessary to reduce power before complete 
cooling of the blockage could be achieved.  Therefore, it could be concluded 
that these test conditions do not permit suitable blockage cooling.  In other 
words a long 90% blockage may no longer be coolable at a constant reflood 
rate of ≤ 2 cm/s. 
 
In comparison, for 80% blockages under similar operating conditions, it was 
observed that an 80% blockage was more efficiently cooled at high reflood rates, but 
the differences to the 90% blockage case were insignificant.  Sometimes, with 
intermediate reflood rates, a higher cooling efficiency was seen for the 90% blockage 
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than for an 80% blockage.  It could therefore be concluded that the post-LOCA upper 
bound value of a 90% fuel assembly blockage ratio (as used in reactor safety analysis) 
does not necessarily represent the most severe scenario in terms of coolability for 
extended axial deformations such as those simulated in the THETIS experiments. 
 
FLECHT-SEASET programme 
 
The Full Length Emergency Cooling Heat Transfer - Separate Effects and System 
Effects Test (FLECHT-SEASET) programme (see Hochreiter, 1985 and Loftus, 1982) 
was an extensive programme that was launched in 1977.  It was jointly sponsored by 
the United States Nuclear Regulatory Commission (USNRC), Westinghouse and 
Electrical Power Research Institute (EPRI).  The experiments were conducted by 
Westinghouse, in Pittsburgh, Pennsylvania.  The main objective of the programme 
was to provide experimental reflood heat transfer and other two-phase data in 
simulated PWR geometries during postulated LOCA conditions.   
 
 
 
 
 
 
(a) 
 
(b) 
Figure 2.39:  Schematics of the FLECHT-SEASET 21-rod bundle (from Hochreiter et al., 1992): 
(a) 21-rod bundle cross section; (b) Shape of the blockage sleeve.  
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Experiments were conducted on a 21 rod bundle (shown in Figure 2.39) to 
examine the effect of flow blockage shape and distribution, and a 163 rod bundle to 
examine flow blockage and bypass effects.  System tests were performed on a two-
loop integral facility.  The tests ranged from forced and gravity feed reflood with both 
unblocked and blocked rod arrays to system natural circulation tests.  The FLECHT-
SEASET test results were used in the development of significantly improved 
analytical reflood models in computer codes, such as RELAP-4 and 5, BART, TRAC 
and COBRA-TF. 
 
The results derived from the 21-rod bundle tests showed that, at around 15 s 
after the start of reflood, the rise of the temperature in blocked regions was less than 
that in unblocked regions. This observation was particularly obvious in the 
configuration with no by-pass present.  This decrease in the temperature rise resulted 
from cooling induced by the entrained liquid droplets in the steam flow, which was 
more pronounced when the flow was deprived of a bypass.  For the central rod, the 
difference in maximum temperatures approached 100 °C between the unblocked and 
blocked configurations without bypass, and about half that value for the case with 
bypass.  For non-coplanar blockages the temperatures were generally lower in the 
blocked region compared to the unblocked configuration, with the exception of the 
short balloons for which there was little difference between the temperatures.   
 
For the 163-rod array tests, the results also indicated that the beneficial effect 
of the enhanced cooling by entrained droplets in the blockage region more than offset 
the reduction in single phase heat transfer which would occur as a result of flow 
diversion. The net effect was the existence of lower maximum temperatures in 
comparison to those obtained in a blockage-free configuration. 
 
Conclusions from the experimental programmes on cooling of deformed bundles 
  
On the basis of the results from these major experimental programmes, it was found 
that temperature variations in and downstream of a blocked region in a fuel rod 
assembly are generally conditioned by heat transfer occurring at the beginning of the 
reflood phase.  The relative significance of the effects induced by a blockage depends 
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on the geometrical detail of the blockage and its bypass, as well as the thermal-
hydraulic condition of the reflood.  These effects result from: 
 
 A reduction of the flow passage leads to flow diversion towards the bypass.  
This consequently reduces the mass flow in blockage sub-channels.  For 
sufficiently long blockages (≥ 200 mm), the steam flow reduces almost 
proportionally with the reducing cross-sectional area.  This reduction in 
coolant flow therefore tends to restrict the blockage coolability. 
 
 However, the liquid droplets present in the two-phase flow are dispersed due 
to impact on the blockage surfaces, fragment and re-entrain in the form of 
finer droplets.  This process increases the turbulence in the steam flow and the 
enhanced droplet/steam heat transfer decreases the steam temperature. These 
effects combine to improve the coolability in the blockage region.  
 
 At the blockage outlet, the deceleration of the steam flow in the widening 
section can cause bigger droplets to fall under gravity onto the hot blockage 
surface, thereby leading to dispersion and evaporation in the steam jets, which 
once again leads to an accentuated cooling in the region. 
 
The extensive research programmes described above have helped to clarify the 
coolability limits of a blockage under the most severe geometrical (blockage ratio and 
length) and thermal-hydraulic conditions.  It was noted that even blockages of 
significant ratios (90%) but of moderate lengths (< 10 cm) do not create any particular 
problems in terms of coolability.  However, it should not be assumed that a 90% 
blockage is always coolable, even considering FEBA and SEFLEX test results.  
Moreover, it has been demonstrated that the maximum blockage ratio of 90% does not 
necessarily represent the most severe case in terms of coolability for axially extended 
deformations.  
 
Experiments of blockages in unheated bundles  
 
In parallel to these major programmes on heated bundle systems there has also been 
considerable work done on unheated systems.  One of the earliest experimental 
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studies of partial blockages in unheated rod bundle geometry was carried out by 
Creer et al. (1977) at Battelle, Pacific Northwest Laboratories (BNWL).  The 
schematic of the 7×7 bundle containing a central ballooned 3×3 array, with the 
possibility of a selection of different degrees of ballooning, ranging from 17% to 90%, 
is shown in Figure 2.40.  The balloons were formed by attaching brass sleeves to the 
central 9 rods, as detailed in Figure 2.40(b).  The shape of the blockage sleeves was 
formulated after considering the experimental results of Hardy (1973), in which high 
temperature expansion and rupture behaviour of Zircaloy tubing was studied.  The 
local mean axial velocity and local turbulence intensity at selected axial locations in 
the bundle were measured using laser Doppler anemometer (LDA).  The results 
indicated that the postulated blockages caused severe flow disturbances in the rod 
bundle.  In the case of a 90% blockage, the flow was not influenced axially by the 
blockage until it reached a location between 3 and 6 subchannel hydraulic diameters 
upstream of the blockage cluster.  In addition, the local turbulence intensity profiles 
were found to be consistent with velocity profiles in that the intensity was relatively 
uniform upstream of the blockage.  The intensity then increased by 3 orders of 
magnitude downstream of the blockage, and completely recovered from the effects of 
the blockage 50 subchannel hydraulic diameters downstream of the cluster.  
Moreover, it was noted that both the velocity profiles and the turbulence intensity 
profiles appear essentially independent of Reynolds number over the range 
investigated (Re = 14000 – 58000). 
 
Similar work was done by Ang et al. (1987).   In this experimental 
investigation, covering Reynolds numbers ranging from 2000 to 35000, velocity and 
turbulence intensity distribution measurements were performed for the presence of a 
blockage in an unheated 7×7 rod bundle.  This experimental programme was 
instigated at the National Nuclear Corporation (NNC), and the experimental model 
was based on the test geometry of the THETIS experiments, as previously detailed.  
However, instead of focussing on the thermal-hydraulic aspects of partially blocked 
fuel assemblies during reflood, the NNC air flow study was intended to supplement 
the earlier two-phase flow investigation with information on flow distribution, 
pressure drop and turbulence data.  The maximum flow reduction was 90%, which 
caused severe flow disturbances.  However, these disturbances were mainly confined 
to the region downstream of the blockage zone.  It was also found that the flow  
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Figure 2.40:  Schematics of BNWL 7×7 bundle (from Creer et al., 1977): (a) Cross-section 
schematic of the test assembly at the blockage axial centreline; (b) Flow blockage sleeves details.  
(b) 
(a) 
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upstream of the blockage was uninfluenced by the blockage until it reached the 
location where the tapered section of the swelling started.  The velocity along this 
inlet taper did not reduce significantly.  The authors also noted that local turbulence 
intensity profiles were consistent with the velocity profiles, which agrees with the 
earlier results of Creer et al. (1977).  However, Ang et al. (1987) found that both the 
velocity and turbulence intensity profiles display a slight Re dependence with 
marginally higher values displayed for the lower Re case.  Nevertheless, the axial 
distance required for the turbulence profiles to recover from the blockage‟s influence 
was much less than that required for the velocity profiles. 
 
2.3.3.2 Spacer Grids 
In general the reactor fuel rods are constrained between spacer grids (otherwise 
known as support grids), which are part of the PWR fuel assembly (Chapter 1, 
Figure 1.4).  These spacer grids are used to support the rod arrays at a fixed rod-to-rod 
pitch.  Examples of single grids are illustrated in Figure 2.41.  It should be noted that 
all fuel assemblies have grids at the same elevations across the core.  The spacer grids 
often contain mixing vanes in order to improved heat transfer.  They can affect 
dispersed flow film boiling within the rod bundle, due to the additional mixing and 
turbulence induced downstream of the grid.  In a limiting situation, they may 
completely lock up the fuel rods and may prevent the rods becoming elongated at high 
burn-up.  In addition, the presence of the spacer grids introduces a subchannel 
blockage within the rod bundle, and this may induce break-up of the entrained liquid 
or alter the entrained liquid drop size distribution, which thereby enhances the 
interfacial heat transfer between the droplets and superheated vapour.  
 
To-date, there have been numerous research programmes to investigate the 
phenomenon of turbulent flow structures in a rod bundle with various types of mixing 
vanes, both through experiments and computational analysis.  As shown in 
Chapter 2.3.3.1, all the test facilities detailed (FEBA, SEFLEX, THETIS and 
FLECHT-SEASET) incorporated spacer grids into their designs.  To the author‟s 
knowledge the FEBA experiments were the first reflooding experiments to include a 
systematic examination of the thermal-hydraulic performance of a spacer grid during 
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reflood.  In the early 1990s, Hochreiter et al. (1992) produced a state-of-the-art review 
on experimental and analytical work undertaken to study the post critical heat transfer 
effects of spacer grids and flow blockage in rod bundles.  
 
 
Figure 2.41:  Typical grid spacers (from Hochreiter et al., 1992) 
 
A more extensive investigation was carried out in the Pennsylvania State 
University/ NRC sponsored Rod Bundle Heat Transfer (RBHT) facility.  As part of 
the RBHT facility, the phenomenon of droplet shattering on spacer grids in a heated 
rod bundle was studied and the results are presented in Ireland et al. (2003).  The 
RBHT programme was established to provide fundamental two-phase flow and heat 
transfer experimental data, specifically in the dispersed flow film boiling regime 
where the peak fuel rod temperatures are calculated to occur for a postulated reactor 
design basis accident.  The information and data acquired were intended to be used for 
model development for the NRC advanced computer codes.  The test facility is a full-
length, heated rod bundle array which simulates a PWR fuel assembly and is the only 
facility of its type in the US.  The RBHT facility (Ireland et al., 2003) housing 
contains a 7×7 bundle with 45 heated full length electrical heater rods which simulate 
a 17×17 similar fuel rod.  In addition, 4 support rods, one in each corner, are present 
to provide structural support for the bundle.  The spacer grids used in the rod bundle 
have mixing vanes, which promote improved heat transfer downstream of the grids.  
These grids also have a high blockage (39%) of the rod bundle flow area such that the 
flow is accelerated through the grids and entrained droplets can be shattered by the 
grids.  In the set of experiments described by Ireland et al. (2003), the bundle was 
pressurised to 1.38 bar and the reflooding rate was set to 25.4 mm/s.  The injected 
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water had a subcooling of 65.6 °C.  At these experimental conditions, the results 
indicated a 29% decrease in the mean droplet diameter was produced by the spacer 
grids. 
 
More recently, Caraghiaur et al. (2009) performed a study of turbulent flow 
through spacer grids in a test section containing a bundle of 24 rods, corresponding to 
one quarter of the SVEA-96 BWR fuel assembly.  For this arrangement the rods are 
held in position by five spacers of a thin-plate spring construction.  In Caraghiaur et 
al. (2009), experimental pressure measurements inside the spacer grid were obtained 
using a sliding pressure-sensing rod.  In addition, local axial velocity and its 
fluctuating component, i.e. turbulence intensity, upstream and downstream of the 
spacer grid in sub-channels with different blockage ratios was determined using Laser 
Doppler Velocimetry (LDV, otherwise known as Laser Doppler Anemometry).  
However, the measurements were performed in single-phase water flow, at 
atmospheric pressure and temperature.  From the results, it could be seen that in the 
sub-channels close to the box wall, the turbulence intensity suddenly increases 
immediately downstream of the spacer and then gradually decays.  In the inner sub-
channels, however, the turbulence intensity downstream of the spacer decreases below 
its upstream value and then gradually increases until it reaches a maximum value at 
approximately two spacer heights.  It can therefore be concluded that spacer effects do 
not depend exclusively on the local geometry details, but also on the location in the 
cross-section of the rod bundle. 
 
Recent studies carried out in Korea by Han et al. (2009) have been performed 
to examine the flow pattern as part of the investigation of the thermal-hydraulic flow 
characteristics in nuclear reactor subchannels.  Specifically, Han et al. (2009) used 
LDA measurement to present details of the flow field in the cross-section of a 6×6 rod 
bundle with Tandem Arrangement Vane (TAV) mixing vanes.  The TAV mixing 
vanes used in this experiment were designed to create a highly swirling vortex flow 
through the whole flow field and so it was necessary to understand the flow pattern 
between adjacent subchannels.   
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The test section was made of transparent reinforced acrylic and was 1.5 times 
larger than actual fuel element geometry.  A schematic of the cross-sectional view of 
the test section is shown in Figure 2.42, in which it may be seen that the mixing vanes 
are attached on the spacer grid and that the areas designated A, B, C and D are 
selected as the region of measurements.  The configuration and dimension of spacer 
grids with the two types of mixing vanes (bare grid and TAV split mixing vanes) are 
illustrated in Figures 2.43(a) and 2.43(b) respectively.  The dimension of the TAV 
mixing vane is detailed in Figure 2.43(c).  LDA data was acquired at a nominal 
Reynolds number of 50,000 for the four adjacent subchannels (A, B, C and D) at three 
axial locations (3, 10 and 20 hydraulic diameters respectively).  From the results, a 
strong vortex, created by the split mixing vanes was observed for up to 4-5 hydraulic 
diameters, which is in accordance with earlier studies (e.g. Yang & Chung, 1998).  
The vortex then rapidly decays and ultimately disappears.  In comparison, it was 
found that the new TAV mixing vanes can produce a large enforced swirl flow for up 
to 20 hydraulic diameters and it was noted that heat transfer effects are maintained 
through this distance. 
 
 
Figure 2.42:  Schematic of the cross-sectional view of the support grid vane pattern inside a 6×6 
bundle 1.5 times the actual size (a pitch of 21.86 mm and rod diameter of 15.8 mm) 
(from Han et al., 2009) 
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(a) 
 
 
(b) 
 
 
 
 
 
(c) 
Figure 2.43:  Configuration of TAV mixing vanes (from Han et al., 2009):  
(a) Arrangement of bare spacer grid; (b) Arrangement of spacer grid with split mixing vane; and 
(c) Dimension of TAV mixing vane. 
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2.3.3.3 Other Obstacles 
In the experimental studies of Okawa et al. (2004), a double film extraction technique 
was used to elucidate the effects of a flow obstacle on the deposition rate of droplets 
in annular two-phase flow inside an unheated vertical tubular test section of 5 mm 
inner diameter.  In this case, the flow obstacle was a short tube of 2 mm inner 
diameter and 3 mm outer diameter and 20 mm in length.  Air and water were used as 
test fluids and they flowed co-currently upwards inside the test section.  The results 
showed that when a flow obstacle is present, the droplet deposition rates downstream 
of the obstacles are approximately 1.5 times larger than the deposition rates when 
there is no obstacle.  Okawa et al. (2004) suggested that turbulence enhancement as a 
result of flow obstacles is the main reason for the increase in the droplet deposition 
rates.  
 
 A series of experimental investigations have also been performed in the 
multipurpose thermal-hydraulic test facility, Transient Two Phase Flow (TOPFLOW), 
at Forschungszentrum Dresden-Rossendorf as part of a research project founded by 
the German Federal Ministry of Economics and Technology (BMWi).  The facility 
was designed to investigate stationary and transient phenomena in two-phase flows 
with the purpose of development and validation of multiphase CFD codes.  Currently, 
the TOPFLOW facility consists of three test sections, of which there are two vertical 9 
m long pipes, with nominal inner diameters of 50 mm and 200 mm respectively.  The 
facility is capable of operating at pressures up to 7 MPa and temperatures up to 
286 °C.  For steam-water operation, the facility is able to achieve water mass 
flowrates up to 50 kg/s and steam mass flowrates up of 1.4 kg/s.  Air-water operation 
is also possible with air volumetric flowrates up to 900 m
3
/h under normal conditions 
and water mass flowrates up to 50 kg/s.  In one of the more recent investigations 
carried out on TOPFLOW, the two-phase flow field around an asymmetric 
obstruction in a vertical pipe with a nominal diameter of 200 mm was studied and 
reported by Prasser et al. (2008).  The movable obstacle reported by Prasser et al. 
(2008) is a diaphragm in the shape of a half-moon, with a radius of 85 mm and a 
thickness of 4 mm.  The straight edge of the diaphragm is arranged along the diameter 
of the vertical pipe, while the circular edge is 10 mm away from the inner wall of the 
pipe.  The tests were performed with an air-water flow at nearly ambient conditions 
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and a saturated steam-water mixture at 6.5 MPa.  Using a wire-mesh sensor, detailed 
3-D data on the instantaneous flow structure was obtained with a high spatial (3 mm) 
resolution in space and temporal (2.5 kHz).  Using this information, it was possible to 
calculate time or cross-section averaged void fraction profiles and bubble size 
distributions as well as other important flow and bubble characteristics (Prasser et al., 
2001 and 2005).  From the results, it was found that at the measurement position 
furthest downstream of the obstacle, the flow was not re-established, and it can be 
concluded that fully-developed flow profiles require a length much larger than that 
corresponding to an L/D ratio of 2.5 behind a significant constriction to become 
established.  Within the boundary zones to high velocity regions (around the linear 
edge of the half-moon plate) the influence of the lift force was evident.  A comparison 
of air-water and steam-water tests showed a shift toward smaller bubble sizes with 
increasing temperature and pressure.  For the tests with high superficial liquid 
velocities, a recirculation area in the wake of the diaphragm could be observed and a 
reversal of the liquid velocity directly above the obstacle could be seen. 
 
 
2.4 CONCLUSIONS 
The main conclusions from an examination of the literature (as detailed in Sections 
2.2 and 2.3 and tabulated in Tables A.1 and A.2 in Appendix 1) are as follows: 
 
 Studies of rewetting of hot vertical surfaces indicate that quench velocity 
decreases with increasing initial surface temperature and that an increase in 
pressure leads to a higher quench velocity.  In addition, a higher coolant 
flowrate also increases the quench velocity, due to the fact that a higher 
coolant flowrate improves pre-cooling, which consequently decreases local 
temperature at the rewetting front, in turn increasing the rewetting velocity.   
 
 A higher inlet subcooling gives a faster propagation of the wetting front. 
 
A number of issues arise which are specific to the case of a PWR LOCA.  
Thus, the thermal resistance of the gap between the fuel and the cladding leads to an 
Chapter 2:  GENERAL BACKGROUND REVIEW 
 
136 
increase of the wetting front velocity.  When the thermal conductivity of the material 
being wetted is increased, there is an enhancement of axial heat flow from the dry hot 
region to the wet region and a small but noticeable increase of the rewetting rate 
occurs.  In addition, a thicker wall results in more heat removal from the dry region to 
the wet one.   
 
Spacer grids positioned along the fuel rods influence the rewetting velocity 
and temperature. They promote turbulence and can be wetted by the drops; both these 
effects can improve heat transfer.  During a LOCA, due to the sudden change of 
pressure, the ductile Zircaloy clad can balloon.  This not only influences the wetting 
of the rods directly but also as a result of flow diversion caused by the ballooning.  
 
Key problems in understanding the processes of reflood are as follows: 
 
1. To understand the flow behaviour in the region above the rewetting front, 
particularly in the case where clad ballooning has occurred. A vital factor here 
is the formation of droplets at the rewetting front and their subsequent 
behaviour.  
2. To understand the nature and effects of droplet-wall interactions in the region 
above the rewetting front and to determine the influence of such interactions 
on cooling in this region.  
3. To understand the nature of the micro-scale phenomena occurring at the 
rewetting front and their effect on the rewetting rate.  
 
All three of the above areas have been studied as part of a programme on 
reflood being carried out at Imperial College, London.  The first area is that covered 
by the work described in this present thesis.  Studies of droplet-hot wall interactions 
are reported in Chatzikyriakou (2010) and the detailed mechanics of the rewetting 
process is discussed by Ilyas et al. (2010). 
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Chapter 3:  
PARTICLE  DIVERSION STUDIES:  
EXPERIMENTAL ARRANGEMENT  
 
3.1 INTRODUCTION 
As was explained in Chapter 2, a significant pressure exists in the fuel rods inside a 
pressurised water reactor, due to helium introduced during manufacture, and to the 
generation of fission product gases during operation.  Under normal operating 
conditions, the pressure within the fuel rod cladding is balanced by the high pressure 
inside the reactor system (typically 15MPa).  However, following a PWR LB-LOCA, 
the reactor core may become uncovered and the fuel elements start to overheat.  
During this period, the fuel cladding wall temperature can reach 600-800 °C, while 
the system pressure falls rapidly to a value below the pressure inside the rod cladding.  
Since the fuel rods have a rather ductile Zircaloy clad, when they overheat they are 
liable to expand radially (i.e. “balloon”).  This may reduce the size of the channel 
between individual rods and hence the accessibility of the core coolant flow for the 
rewetting process to take place.  It is therefore important to understand how this 
ballooning phenomenon will affect the two-phase coolant flow in the period before 
rewetting takes place.  
 
It is convenient in assessing the flow behaviour to use the methodology of 
Computational Fluid Dynamics (CFD).  Using CFD, it is possible to calculate both 
the vapour flow and also the trajectories of entrained droplets.  However, it is 
important to provide validation for such CFD methods and one of the main objectives 
of the work described in this thesis was to carry out simple experiments to provide a 
validation base for such calculations.  Two types of experiments were performed in 
this context.  In the first type of experiment (discussed in the present chapter and in 
Chapters 4, 5 and 6), studies were made of gas-particle flow in an annular test section 
in which the central cylinder was shaped to represent a ballooned rod.  In the second 
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type of experiment (discussed in Chapter 7) single phase gas flow was studied in a 
3×3 rod bundle in which the central rod was ballooned.  
 
In the drop/vapour flow above the rewetting front in the case of bottom 
reflooding, the droplets are not expected to wet the hot fuel rods in the period before 
the arrival of the front (as indeed is confirmed by the high temperature visualisation 
studies described in Chapters 9 and 10).  Thus, it is reasonable (and certainly easier!) 
to carry out experiments on gas-particle flows to provide a validation base for CFD 
calculations of the two-phase vapour-droplet flow in this region.   
 
To understand the effect of channel geometry on flow diversion better, a 
model system has been designed, in which air-particle flows (simulating the case of 
the steam flow with water droplets encountered during reflood) are introduced into an 
annular test section in which the central rod is shaped to represent a ballooned fuel rod 
in a PWR fuel bundle.  Specifically, experiments have been carried out to visualise 
the macroscopic droplet diversion process around a ballooned pin using a bespoke 
automated 3-D particle tracking velocimetry system.  In this present chapter, the 
experimental aspects of the flow diversion studies, from operating conditions of the 
test matrix to the justification of simplifications related to the “real case”, are detailed.  
The principles of the particle tracking velocimetry (PTV) technique in general and 
further details of the 3-D particle tracking velocimetry (3-D PTV) technique 
developed specifically for the experiments carried out in this project are described in 
Chapter 4 and the experimental results are presented in Chapter 5.  Chapter 6 details 
the comparisons of the experiments with predictions obtained using the CFD code 
STAR-CD.   
 
 
3.2 GEOMETRY AND CONSTRUCTION OF THE TEST SECTION 
For the tests described here, it was important to design a test section which is 
representative of the ballooned channels occurring in reflood in a PWR.  The 
dimensions of a typical PWR fuel rod are 9.5 mm (D) × 3660 mm (H) with a pitch of 
12.6 mm.  The rods in the fuel assembly are constrained by eight spacer grids at axial 
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intervals of 523 mm.  An example of the shape and dimensions of a typical ballooned 
pin was described in the two-pin simulations (Test 02B-1 and Test 02B-2, average 
degree of ballooning 26.3%, and 22.5% respectively) performed to evaluate the 
capabilities of the MATARE code by Ammirabile (2003).  It should be noted that 
these tests were performed without the presence of spacer grids.  Systematic studies of 
the effect of clad ballooning (the ACHILLES tests) were also carried out at the 
Winfrith Technology Centre of the UKAEA in the 1980s (Pearson et al., 1989).  In 
these tests, the effect of spacer grids was simulated. 
 
In order to make accurate measurements, it is necessary to work with a scale 
larger than that in a PWR bundle.  In the tests described here, the aim was to design a 
test section geometry which represents the key features of the ballooned pin, leading 
to a design of test section which is qualitatively similar to the fuel bundle arrangement 
between successive spacer grids, whilst geometrically scaling the system by a factor 
of 4.  Data from such an idealised test section provides quantitative validation data for 
CFD calculations in a well defined, “simple” system.  The successful simulation of 
this data set then provides more confidence in the use of similar CFD predictions for 
more complex bundle geometries. 
 
In these studies, the model system is a vertical annulus test section that 
simulates the flow channel of a rod bundle between two successive spacer grids.  
Within this geometry, the central rod has been designed to simulate the ballooned pin.  
It is 1500 mm in length and consists of a solid black “ballooned” rod inside a 
transparent acrylic outside tube of 62.8 mm inner diameter and an outer diameter of 
70 mm.  The plan and side views for the test section geometry described in the present 
work are illustrated in Figure 3.1 and Figure 3.2 respectively.  In Figure 3.2(a) the 
ballooned pin profile may be clearly seen.  
  
The shape of the “ballooned” rod has been adapted from the geometries used 
by both Ammirabile (2003) and Pearson et al. (1989), and the details of the 
mechanical design of the rod are illustrated in Figure 3.3.  As mentioned previously, a 
visualisation technique is used in these studies.  In order to prevent the images being 
over-exposed and to reduce the amount of unwanted light scatter into the camera, the 
test section was designed to be as non-reflective as possible.  For this reason, the  
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   Unit: mm 
(b) 
 
Figure 3.1:  Detailed dimensions of the annulus test section in plan view: (a) Sketch; (b) Photo. 
 
 
 
               Unit: mm 
 
Figure 3.2:  Detailed dimensions of the annulus test section in side view: (a) Sketch; (b) Photo. 
(a) 
(a)                                                 (b) 
Chapter 3:  PARTICLE DIVERSION STUDIES: EXPERIMENTAL ARRANGEMEMT 
141 
 
                    (b) 
 
 
 
 
                    (c) 
 
 
 
 
 
 
 
                    (d) 
 
 
 
 
 
 
 
                    (e) 
 
 
 
 
 
 
  
 
 
Figure 3.3:  Detailed mechanical design of the inner “ballooned” rod: (a) Top section end piece; 
(b) Top section; (c) Middle section; (d) Bottom section; and (e) Lower bottom section. 
(a) Top section end piece (b) Top section 
(c) Middle section (d) Bottom section (e) Lower bottom section 
Overall shape of the 
“ballooned” rod 
(a)  
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central ballooned rod was made of matt black PVC.  A black background was then 
placed behind the test section from each of the visualisation directions (see 
Figure 3.8) and white cellulose acetate particles were used.  This enhanced the 
contrast between the particle and the ballooned pin by minimising the range of grey 
levels present within the recorded images. 
 
 
3.3 PARTICLES 
Following a postulated LB-LOCA, the fuel elements within the PWR rise rapidly in 
temperature, reaching typically 600-800 °C.  During the reflood phase of an LB-
LOCA, a water-steam interface exists in the lower part of the core, in which cooling 
water vaporises into steam and where droplets are created which are carried upwards, 
entrained in the steam flow.  This droplet-laden steam flow cools the core as it 
advances in a process known as precursory cooling. 
 
In the experimental set-up described in this chapter, it was decided to use solid 
particles to simulate water droplets and an air flow to represent the vapour phase 
present in the true reflood case.  These approximations may be considered to be 
representative because during the early stages of reflood, the fuel cladding 
temperature (600-800 °C) is much higher than the rewetting temperature (or 
sputtering temperature, see section 2.1), which is about 220 °C for a sessile water 
droplet on a smooth surface (Baumeister et al., 1970).  Water droplets approaching the 
fuel elements therefore do not actually contact the hot surface.  Instead, the droplets 
rebound from a cushion of vapour generated between the droplets and the surface 
while they are close together (Chatzikyriakou et al., 2008).  This is demonstrated by 
the experimental work conducted by Biance et al. (2006), as shown in Figure 3.4.  
Modelling work on the droplet shape under these conditions has also been done by 
Chatzikyriakou et al. (2008) for 1.15 mm radius droplets.  Both of these references 
clearly demonstrate that water droplet behave very much like solid particles under 
reflood conditions.  The shape shortly before and after a collision is essentially 
spherical, although droplet elasticity may differ slightly from that of solid particles.  
To ensure a close approximation to water droplets the density of the solid was chosen 
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using a simple density ratio equivalence.  If we assume a steam temperature slightly 
above the saturation conditions at a pressure of 1.5 bara, the steam density is around 
0.863 kg/m
3
.  For a water density of around 1000 kg/m
3
, this gives a density ratio of 
1159:1.  For the equivalent air-particle system, based on the density of dry air at 
standard ambient temperature and pressure (ρSATPair = 1.168 kg/m
3
), this would give a 
particle density of 1353 kg/m
3
.  In the experiments a density of 1360 kg/m
3
, the 
closest match available, was used.   
 
 
Figure 3.4:  Rebound of a water drop (radius = 1 mm) hitting a steel plate heated at 300 °C. 
The time interval between two pictures is 1.8 ms (from Biance et al., 2006) 
 
It was observed in earlier reflood experiments (the FLECHT-SEASET tests 
reported by Lee et al., 1981) that the Sauter mean diameter of the water droplets was 
within the range of 0.5-1.0 mm.  This is in agreement with the experimental work of 
Celata et al. (2005), in which the dimensions of droplets ranged from 0.3-1.5 mm.  
Moreover, the analysis of a PWR LOCA carried out by Ammirabile (2003) assumed 
mean droplet size to be 1.5 mm.  The normalised droplet distributions upstream and 
downstream of a spacer grid have been studied by Ireland et al. (2003) in the RBHT 
facility (which has already been described in more detail in Section 2.3.3.2).  The 
droplet diameter distribution from two locations (approximately 2.74 m and 2.90 m 
within the bundle, with the grid located at about 2.79 m) can be seen in Figure 3.5.  
Using this, a log-normal fit for the distributions upstream and downstream of the grid 
has also been obtained and is shown in Figure 3.6. 
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Figure 3.5:  RBHT programme results of normalised droplet distributions upstream and 
downstream of the spacer grid (from Ireland et al., 2003) 
 
 
Figure 3.6:  Normalised droplet distributions upstream and downstream of the spacer grid from 
the RBHT programme (from Ireland et al., 2003) 
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As will be seen from Figure 3.6, the peak in droplet size observed by 
Ireland et al. (2003) occurs at around 0.3-0.4 mm (and this is reasonably consistent 
with the axial view observations reported in Chapter 10).  For the present 
experiments, particle diameters of 1.0, 1.5, 2.0 and 2.5 mm were used.  This size 
range is somewhat higher than indicated from the results shown in Figure 3.6. Several 
factors should be born in mind relating to this: 
 
1. Observing the motion of smaller particles is, of course, more difficult 
and it was necessary to use somewhat bigger ones to obtain accurate 
data.  
2. The sizes used were within the range observed in practice (particularly 
taking account of the results presented in Chapter 10).  
3. The scale of the geometry used in the present experiments was 
increased by a factor of 4 compared with that of a fuel element 
channel.  It is not claimed, of course, that the same scaling rules would 
apply to the particles simulating the drops as to the flow channel, but 
the increased size of the particles is to some extent consistent with the 
increased size of the channel. 
 
It should also be stressed that the objective was to validate CFD methods for 
calculating droplet trajectories.  The resultant validated model can then be used to 
explore a wider range of conditions (as indeed is done in Chapter 6).  
 
A selection of precision sized cellulose acetate balls (supplied by Precision 
Plastic Ball Company Ltd.) with a density of 1360 kg m
-3 
was used in this set of 
experiments so that the effect of particle size on the flow diversion could be 
examined.  For the full matrix of experiments, particle diameters of 1.0, 1.5, 2.0 and 
2.5 mm were used at air feed flowrates of 750, 1000, 1250 and 1500 l/min 
(corresponding to mass flowrates of 0.0146, 0.0195, 0.0243 and 0.0292 kg/s 
respectively).   
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3.4 EXPERIMENTAL PROCEDURE 
3.4.1 Instrumentation 
To determine the trajectories of the solid particles the 3-D Particle Tracking 
Velocimetry (PTV) technique was implemented, as shown in Figure 3.7.  In this 
arrangement, two high-speed cameras, synchronised to trigger simultaneously were 
aligned perpendicularly to each other and to the test section.   
 
 
Figure 3.7:  Sketch of the basic principle and setup for 3-D PTV (x, y, z, t) 
 
The high-speed digital camera systems used were the i-SPEED 2 and the i-
SPEED 3 high speed video camera systems (both from Olympus
®
) respectively.  The 
i-SPEED 2 system is a self-contained unit incorporating a uniquely designed Olympus 
CMOS sensor and onboard processor providing 576×432 resolution at 2000 frames/s.  
The recording time for a standard 2GB memory enables approximately 4470 images 
to be recorded at the maximum resolution.  Above 1000 fps, the resolution decreases.  
Recording speeds of up to 33,000 frames/s are attainable, capturing onto the onboard 
memory options of either 2GB or 4GB.  i-SPEED 3 is the latest camera released by 
Olympus
®
.  It is a more advanced version of the i-SPEED 2 camera system and is 
capable of capturing 150,000 frames/s.  At frame rates up to 2000 frames/s, the 
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resolution is 1280×1024.  For the experimental work within the framework of the 
flow diversion studies, both were set to record at 2000 frames/s. 
 
 Illumination was carried out using three 500 W halogen lamps.  The 
arrangement of the cameras and lamps in relation to the test section is shown as a 
photograph in Figure 3.8. 
 
 
Figure 3.8:  Photography of the arrangements of instrumentations for 3-D PTV 
 
Since the basic images are recorded as pixels, characteristic distances need to 
be calibrated.  To do this, the field of view (in mm) for each of the camera systems 
 
 
 
 
 
 
 
       ○2  
 
         ○1  
 
 
 
          ○6    ○8  
 
○4              ○9                  ○5  
 
 
 
 
                 ○3  
 
          ○7  
○1  Halogen lamp 1 
○2  Halogen lamp 2 
○3  Halogen lamp 3 
○4  i-SPEED 2 high speed 
camera (view 1, x-y) 
○5  i-SPEED 3 high speed 
camera (view 2, z-y) 
○6  Annulus test section (black 
ballooned rod inside an 
acrylic tube) 
○7  Stand for test section 
○8  Black background (view 1) 
○9  Black background (view 2) 
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was measured before each experiment by photographing a scale.  Using this 
information, the pixel to mm ratio could therefore be obtained.  In addition, a picture 
of the test section within this specific field of view was taken prior to each run.  This 
is an image containing no particle within the field of view, and it is used as a 
background for subsequent image processing.   
 
Instrumentation Error 
 
The uncertainty in the measurement of the position of the particles is ±0.5 mm in the 
x, y and z directions. The estimated uncertainty in the particle tracking algorithm 
depends on the spatial resolution of the images (i.e. the pixel size) recorded in each 
view, and it is summarised in Table 3.1 below. 
 
Table 3.1  Uncertainty due to particle tracking algorithm 
Particle size (mm) Camera 1 (pixel) Camera 2 (pixel) 
2.5 7 48 
2.0 6 38 
1.5 4 29 
1.0 3 19 
 
3.4.2 Experimental Test Loop and Operating Procedures 
The 3-D PTV experiments were carried out at ambient temperature and pressure using 
the experimental test loop shown in Figure 3.9.  The inlet air flowrate was controlled 
by a needle valve and it was metered using a Platon GMTX electronic metal tube gas 
flow transmitter (Roxpur Measurement & Control Ltd.) with an LCD display to 
ensure accurate reading of flowrates.  The air flowmeter has an uncertainty of (±5 
l/min).  Upon achieving a stable volumetric air flowrate, a particle was injected into 
the test loop by opening and closing the necessary isolating ball valves around a 
specially designed manifold system, as indicated in Figure 3.10.  The particle was 
then transported into the test section by the air flow.  It should be noted that the flow 
loop has been designed so that sufficient distance exists between the particle injection 
position and the measurement position to ensure necessary flow development for the  
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Figure 3.9  Overall schematic of the PTV experimental test loop 
 
 
Control valves:  5 × Ball valves (Fullway lever handle ball valve, 22mm, 
©
RS Components Ltd) 
2 × Needle valves (Gate compression valve, 22mm, 
©
RS Components Ltd)  
 
Figure 3.10:  Experimental flow loop (for particle injection) 
 
gas and particle flows.  The inlet and outlet of the test section are made of copper pipe 
of 28 mm nominal diameter.  It may also been seen from Figure 3.10 that the flow 
loop is more complicated than the PTV part of the section shown in Figure 3.9, with 
an atomiser and additional valves (NV1 and V5).  This is because the system has been 
designed to study the vapour phase effects at a future stage.  This may be achieved by 
using a Particle Image Velocimetry (PIV) technique, where micron-sized olive oil 
Flow 
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droplets would be used as tracer particles for the air flow, to obtain instantaneous 
vapour velocity information.  For the standard 3-D PTV flow diversion experiments 
described in this chapter, the atomiser section of the flow loop is closed by shutting 
off valves NV1 and V5.  The step-by-step experimental operating procedures (start-up 
and shut-down procedures) may be found in Section A5.1 in Appendix 5.  The valve 
operation sequence for particle injection is detailed in Section A5.1 in Appendix 5. 
 
Within the test matrix, the motion of the particle inside the annular test section 
at 5 specified axial elevations was recorded simultaneously by the two cameras.  On 
leaving the test-section, the particle was trapped by the solids filter before the air was 
released back into the atmosphere.  
 
3.4.3 Experimental Conditions 
The present experiments were carried out at ambient conditions (i.e. at atmospheric 
temperature and pressure).  In the actual reflood situation, the pressure may be 
somewhat higher.  Thus, Costigan (1984) states that the reflood phase is typified by 
pressures up to 4 bar and mass fluxes usually much less than 300 kg/m
2
s and  
Ammirabile (2003; 2008) considered the overall system pressure during the reflood 
phase to be 0.2 MPa (2 bar).  Since the objective here is to provide validation data for 
CFD calculations the use of ambient conditions simplifies the experiments whilst still 
retaining representative flows.  
 
Determination of vapour velocity 
 
It was important to carry out the experiments at velocities representative of those 
occurring in reflood.  The first step, therefore, was to estimate the typical range of 
reflood velocities.  Steam is generated in reflood by the release of heat from the hot 
fuel element.  The vapour velocity may be calculated by assuming the following: 
 
 The temperature of the fuel pellet TF is taken as an average of the temperature 
across the fuel pellet. 
 All the energy released by the fuel is extracted to the water. 
 All the water evaporates into steam. 
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The energy released per unit length of fuel (J/m) in reducing its temperature to 
the saturation temperature of water is given by  
 
 ε = AF ρF CpF (TF-TS) (3.1)                                              
where subscript F denotes fuel and TS is the saturation temperature of water.  
 
 
Figure 3.11:  Extraction of surplus energy 
 
As shown in Figure 3.11, it is considered that all the energy is extracted to the 
surrounding media (water, in this case), and the rate of extraction of the surplus 
energy is: 
  L F F F F S Lu A Cp T T u      (3.2)   
where uL is the wetting front velocity (note that this is less that the input water 
velocity since excess water is entrained as droplets near the rewetting front as flows 
up the fuel bundle with the generated steam) 
 
By assuming all the water evaporates into steam: 
 
 L G Gh m    (3.3) 
where  
 
h
LG
 is the latent heat of vaporisation of water and Gm  is the mass flow of 
steam: 
 
 G G G Gm A u  (3.4) 
where the subscript G denotes the gas (i.e. steam in the reflood case). 
 
In order to determine the vapour velocity, the flow area needs to be calculated.  
A non-circular elemental flow area is therefore illustrated in Figure 3.12, in which the 
Chapter 3:  PARTICLE DIVERSION STUDIES: EXPERIMENTAL ARRANGEMEMT 
 
152 
red areas correspond to the area occupied by the fuel and the blue area corresponds to 
the liquid-entrained steam flow (i.e. the actual flow area).  Based on this, uG can 
therefore be determined using the following equation: 
 
 
 
u
G

A
F
A
G

F

G
Cp
F
T
F
 T
S uL
h
LG
 (3.5) 
  
 
Figure 3.12:  A non-circular flow area (e.g. inside a 3×3 rod bundle) 
 
Assuming a typical value of 0.02 m/s for uL, the values of steam velocity were 
calculated, based on various fuel and steam temperatures (in the range of 550-800 °C 
and 100-550 °C respectively).  The calculated steam velocities are presented in 
Table 3.2.  The range of steam velocities calculated was 15 – 55 m/s depending on the 
assumed fuel and steam temperatures.   
 
Table 3.2  Steam velocities (in m/s) at various fuel temperatures within the range of  
550-800°C and different steam temperatures (100-550°C) 
 
 
TSteam (°C) 
TFuel 
(°C) 
100 150 200 250 300 350 400 450 500 550 
550 16.00 18.29 20.48 22.63 24.88 27.07 29.25 31.43 33.61 35.79 
600 17.77 20.32 22.76 25.14 27.64 30.08 32.50 34.92 37.35 39.77 
700 21.33 24.38 27.31 30.17 33.17 36.09 39.00 41.91 44.81 47.72 
800 24.88 28.45 31.86 35.20 38.70 42.11 45.50 48.89 52.28 55.67 
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Reynolds number matching 
 
Clearly, the experiments need to be designed to be reasonably commensurate with the 
range of steam velocities shown in Table 3.2.  In the CFD modelling, turbulent steam 
flows are calculated and the approach taken has been to obtain, in the experiments, an 
approximate match with the Reynolds number range applying in reflood.  A further 
condition which must be met is that the velocities must be high enough to levitate the 
particles in order to simulate the behaviour of the droplets in the region downstream 
of the rewetting front.  The Reynolds number, Re, is given as: 
 
 H
Inertial forces UD
Re
Viscous forces

 
    (3.6) 
where   and are density and viscosity of the fluid and DH is the hydraulic diameter, 
given by: 
 
 
 
D
H

4  flow area
wetted perimeter
 (3.7) 
For a typical PWR reactor bundle, the hydraulic diameter is 11.78 mm. 
 
Using Equation (3.6), it was found that the calculated steam velocity 
corresponds to a Reynolds number varying from 2500 to 8500 (based on the steam 
properties at atmospheric pressure and 550 °C).  These Re values are similar to these 
suggested by Ang et al. (1987), who stated that during the reflood phase of a 
postulated LOCA, the Re based on the equivalent diameter of an unblocked 
subchannel had a typical value of  10
4
 and ranged from 2500 to  40000 depending on 
the conditions existing at the start of reflood.   
 
For the experiments, a Reynolds number range of 3132 to 6263 corresponding 
to a test section inlet velocity range of 2-4 m/s was chosen. Using the density and 
viscosity of air at ambient conditions (1.168 kg/m
3
 and 1.85×10
-5
 Pa.s respectively) 
and the calculated hydraulic diameter of the model system (24.8 mm), the 
corresponding inlet air flow rates were in the range of 750-1500 l/min.  These flow 
rates were sufficiently high to levitate the full range of particles used in the 
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experiments.  The inlet volumetric flowrates used within the test matrix were thus 
chosen to be 750, 1000, 1250 and 1500 l/min. 
 
Summary of experimental conditions and test matrix 
 
The overall test matrix is shown in Table 3.3, and the main operational conditions for 
these experiments are summarised in Table 3.4.  The data set is included as an 
appendix on the attached DVD (see Appendix 7 for more detail). 
 
Table 3.3  Test matrix detailing run numbers and their corresponding conditions  
 
Elevation 1 (471-622 mm from the bottom of the test section)   
  Flow rate (l/min)  
Particle size  
(mm) 
750 1000 1250 1500 
2.5 R0016 R0007 / R0008 R0021 R0012 
2.0 R0017 R0009 R0022 R0013 
1.5 R0018 R0010 R0023 R0014 
1.0 R0019 / R0020 R0011 R0024 / R0025 R0015 
 
Elevation 2 (326-472 mm from the bottom of the test section)   
   Flow rate (l/min) 
Particle size  
(mm) 
750 1000 1250 1500 
2.5 R0026 R0031 R0035 R0039 
2.0 R0027 R0032 R0036 R0040 
1.5 R0028 R0033 R0037 R0041 
1.0 R0029 / R0030 R0034 R00238 R0042 
     
Elevation 3 (622-768 mm from the bottom of the test section)   
   Flow rate (l/min)  
Particle size 
(mm) 
750 1000 1250 1500 
2.5 R0043 R0047 R0051 R0055 
2.0 R0044 R0048 R0052 R0056 
1.5 R0045 R0049 R0053 R0057 
1.0 R0046 R0050 R0054 R0058 / R0059 
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Table 3.3  Test matrix detailing run numbers and their corresponding conditions (continued)  
 
Elevation 4 (766-916 mm from the bottom of the test section) 
   Flow rate (l/min)  
Particle size 
(mm) 
750 1000 1250 1500 
2.5 R0060 R0064 R0069 R0073 
2.0 R0061 R0065 R0070 R0074 
1.5 R0062 R0066 R0071 R0075 
1.0 R0063 R0067 / R0068 R0072 R0076 / R0077 
     
Elevation 5 (916-1074 mm from the bottom of the test section)   
  Flow rate (l/min)  
Particle size 
(mm) 
750 1000 1250 1500 
2.5 R0078 R0081 / R0082 R0085 R0089 
2.0 R0079 R0083 R0086 R0090 
1.5 R0080 / R0097 R0084 R0087 / R0088 R0091 
1.0 R0092 R0093 R0094 R0095 / R0096 
 
 
Table 3.4  Experimental conditions 
 
Experimental Conditions       
 
Vapour velocity inside test section, uv (m/s) ~2-4  
Volumetric flowrate of air supply at inlet, Q (l/min) 750-1500  
Mass flowrate (kg/s) 0.0146-0.0292 
Pressure atmospheric pressure 
Temperature (°C) ~25 (ambient) 
 
 
Before discussing the results in more detail in Chapter 5, the particle tracking 
velocimetry algorithm developed to analyse the experimental results will first be 
described in Chapter 4.  Chapter 6 will present comparisons between the data and 
predictions obtained using the STAR-CD CFD code.  
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Chapter 4:  
PARTICLE DIVERSION STUDIES:  
PARTICLE TRACKING VELOCIMETRY  
 
A major objective of the work described in this thesis was to measure the motion of 
particles in a test section simulating a ballooned tube bundle. The test facility was 
described in Chapter 3.  In this present chapter, the method used for measuring the 
particle motion (namely Particle Tracking Velocimetry, PTV) is introduced.  
Chapter 5 details the results obtained and Chapter 6 discusses comparisons between 
the data and predictions using the STAR-CD computer code.  
 
A well established technique for characterising complex flow fields involves 
tracking seed particles as they are transported by a fluid and illuminated within a 
defined area.  Section 4.1 reviews the extensive work which is reported in the 
literature on particle tracking as a means of determining velocity fields.  This work 
includes PTV and also Particle Image Velocimetry (PIV).  Section 4.2 gives a more 
detailed description of the technique used in the present study (namely PTV) and 
Section 4.3 gives details of the physical system and of the tracking algorithm used. 
 
 
4.1 BACKGROUND REVIEW 
The use of tracer particles to track the motion of fluids dates back to the 1960s and 
has been widely applied.  Smoke particles, metallic oxides or nylon micro balloons 
have been used to trace gas flows; and seeds including fish scales and hydrogen 
bubbles have been used in liquids (Batchelor, 1967; Van Dyke, 1982).  In each 
application the images of the defined area can be recorded and processed to provide 
velocity information.  In the mid-1980s, researchers applied a pulsed illumination 
technique to obtain quantitative velocity information of a 2-D slice of the flow field.  
This was achieved by strobing the light source in an asymmetric timing pattern, such 
Chapter 4:  PARTICLE DIVERSION STUDIES: PARTICLE TRACKING VELOCIMETRY 
 
158 
as short-long-long-long, with the timing adjusted so that the track image would also 
indicate whether the seed has moved out of the light sheet during illumination.  This 
method eliminates any directional ambiguity (Marko & Rimai, 1985).  An example of 
the image processing algorithm for this technique was that developed by 
Adamczyk & Rimai (1988a; 1988b), which was used to analyse particle track data of 
a gas phase flow (≈ 6.5 m/s) through a transparent model of an engine throttle body 
assembly.  This is one form of a related measurement technique known as Particle 
Image Velocimetry (PIV).  In the next section the differences between PTV and PIV 
will be discussed. 
 
4.1.1 PTV and PIV 
A detailed review of PIV techniques can be found in Adrian (1991) and 
Adrian (2005).  These articles outline the history of PIV and provide a summary of its 
development.  The main difference between PTV and PIV techniques is that in PTV 
techniques, individual particles are tracked in subsequent images, whereas in PIV 
techniques the average displacement is determined within a segment of an image; 
known as the interrogation area (Kieft et al., 2002).  PIV is therefore a cross-
correlation-based technique (Willert & Gharib, 1991; Keane & Adrian, 1992; and 
Raffel et al., 1998), which is generally based on grey-level images and does not 
require actual particle coordinates to be determined, whereas PTV methods involve 
algorithms to determine velocity vectors operating on particle coordinates 
(Pereira et al., 2006).  As a result, PTV techniques are usually applicable to larger 
tracers in low concentration (e.g. seed diameters larger than 10 μm and concentration 
less than 1 particle/mm
2
), whereas PIV usually involves visualisation of smaller 
particles in a large concentration that are naturally encountered in the flow or 
artificially seeded for the purpose.  According to Kieft et al. (2002), although a few 
methods exist for analysing three-dimensional velocities in a point (3-D Laser 
Doppler Anemometry) or plane (3-D stereo-PIV), only a fully 3-D technique based on 
the illumination of a flow volume rather than a flow sheet will give the information 
needed to construct the instantaneous 3-D velocity fields.   
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It should be noted, however, that some studies have been carried out with 
simultaneous PIV and PTV measurements.  An example is the recent investigation of 
Zhang et al. (2008) to examine particle-laden two-phase flows, wind-blown sand, and 
the interactions between the phases.  In this study, sand particles in a diameter range 
of 100-125 μm were selected as sand samples and olive oil droplets of a mean 
diameter around 3 μm were seeded as tracer particles for the wind.  Two-dimensional 
PIV and PTV techniques were employed simultaneously to extract the wind velocity 
field and the velocity vectors of dispersed sand particles respectively.  With sufficient 
tracer particle concentration, PIV measurement could be achieved.  At the same time, 
PTV measurement was enabled due to sufficient light being scattered by the large 
sand particles for them to be sharply captured in raw particle images. 
 
4.1.2 Stereoscopic Imaging 
Early applications based on stereoscopic imaging have been reported by researchers 
such as Chiu & Rib (1956) and Jacobi (1980).  However, their methods require 
manual evaluation of images.  In the last two decades, a number of algorithms have 
been developed for 3-D PTV techniques to provide time-resolved, three-dimensional 
velocity field measurements throughout a finite volume.  This technique offers many 
advantages for fundamental research in turbulence and applied research in areas such 
as mixing and combustion.  In contrast to 2-D PTV, fully overlapping particles are not 
a problem in 3-D PTV in terms of 2-D locations, as overlapping (or neighbouring) 
particles in the 2-D image plane may actually be separated by a large spatial distance 
in the third dimension.  However, it should be noted that ambiguities may arise due to 
partially overlapping particle images, which may be identified as ones with a centroid 
located between the two true positions.  These ambiguities occur with increasing 
frequency as seed density increases.  
 
3-D PTV requires simultaneous capture of images within an observation 
volume V from two or more different (arbitrary) directions.  For example, 
Guezennec et al. (1994) used stereoscopic viewing to study the temporal evolution of 
3-D flow fields of small neutrally buoyant flow tracer particles suspended in water, 
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inside a transparent flow system.  Stereoscopic images can be obtained by positioning 
two cameras at arbitrary orientation in one of three ways:  
 
1. Human stereovision, where the separation angle between the two views is 
only a few degrees.  It should be noted that it is not possible to have human 
stereovision beyond 25°; 
 
2. Orthogonal viewing, in which case the separation angle between the two 
views is ninety degrees and two separate cameras are used; and 
 
3. Single camera systems, in which a single camera equipped with a two-lens 
stereoscopic attachment or a single lens combined with a mirror system. 
 
The tracking algorithm used by Guezennec et al. (1994) is illustrated as a flow 
chart in Figure 4.1.  The principle of stereo matching is not detailed here.  However, 
the background of stereo analysis and a literature review of the two broad classes of 
the technique used for stereo matching, namely area-based and feature-based 
methods, can be found in Medioni & Nevatia (1985).  The overall procedure 
illustrated in Figure 4.1 consists of four modules: 
 
1) Module 1:  determination of the particle locations in each image in each view 
using a very efficient line-by-line search and labelling technique.  More 
details of this technique could be found in Guezennec & Kiritsis (1990).  
Using an enhancement of this process, the overlapping particle images in each 
view can be resolved. 
2) Module 2:  the concept of path coherence is used to determine the particle 
tracks, which are essentially the successive locations of individual particles, 
from sequences of five frames in each of the two views.  The most coherent 
track is selected. 
3) Module 3:  the code uses the tracks rather than the single particle images to 
perform the stereo-matching between the two views. 
4) Module 4:  automatic rejection of erroneous velocity vectors using an adaptive 
Gaussian window (AGW) filtering technique, which is a smoothing window-
based interpolation technique.  More information on AGW interpolation can 
be found in Stüer & Blaser (2000). 
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Figure 4.1:  Code flow chart developed by Guezennec et al. (1994) for 3-D PTV 
 
Using this algorithm, Guezennec et al. (1994) studied the effect of angular 
separation between the two views by systematically varying the degree of separation 
from 6° to 90°.  It was found that the results improved with large angular separation.  
In particular, for very shallow angles (6°) the out of plane component has much larger 
errors than the other two components.  As the angle increases, there is a rapid 
improvement of the results initially with little improvement beyond 45 or 50°.  
However, for quantitative measurements, orthogonal imaging gives the best results. 
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4.1.3 3-D PTV with Mirror Systems 
Rather than using two or more cameras to determine three-dimensional object 
coordinates, it is also possible to use mirror systems to obtain stereo images with a 
single camera.  The configuration of multi-mirror systems for single high speed 
camera based 3-D motion analysis has existed for many years.  The main advantages 
of mirror-based multi-view visualisation systems are the elimination of 
synchronisation requirements, and the substantial cost reduction of using only one 
camera.  Beam splitter lenses for single lens reflex (SLR) cameras are available and 
the separation of the two virtual cameras is nearly as wide as the distance between the 
eyes of human beings, enabling stereoscopic viewing.  In cases where accurate 
measurements are needed, a convergent camera setup and a large separation distance 
between the virtual cameras are required.  One recent example of the multi-mirror 
system is presented in Putze & Raguse (2007), in which camera-mirror systems were 
used to analyse highly dynamic 3-dimensional processes.  Though the specific 
applications described by Putze & Raguse (2007) are very different to the studies 
described in this thesis, the experimental setup and the application of a multi-mirror 
stereoscopic imaging system are interesting.  This system uses mirrors and a beam 
splitter directly in front of the lens (see Figure 4.2(a)).  The image rays are divided 
into two or four equal bundles (see Figure 4.2(b)) and are deflected orthogonally to 
the viewing direction by the beam splitter.   
 
 
(a)                (b) 
 
Figure 4.2:  Schematic of a 4-fold beam splitter (from Putze & Raguse, 2007): 
(a) Without image rays; (b) With image rays.  
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Two alternative systems used for motion analysis applications are presented in 
the paper by Putze & Raguse (2007): 
 
1) A fixed two-mirror system: In this case, the camera, prism and mirrors are 
rigidly mounted in a robust metal box with a basis length of 32 cm, as shown 
in Figure 4.3(a) and the images from each of the virtual views can be seen in 
Figure 4.3(b).  The high speed camera system used in this application has a 
very oblong image format so that the images of each virtual camera are nearly 
equal to the image format ratio of 4:3 required in the particular application 
(pedestrian safety development).  
 
(a) 
 
(b) 
 
 
Figure 4.3:  Fixed two-mirror system with single camera (from Putze & Raguse, 2007):   
(a) Stereo beam splitter; (b) Single image with two parts.  
 
2) A flexible four-mirror system, which is used to capture 3-D velocity fields of 
particles tracing gas flows in a wind tunnel.  The setup of the flexible 4-mirror 
system with single camera is demonstrated in Figure 4.4(a) and the images 
from each of the four virtual cameras are shown in Figure 4.4(b).  The active 
Chapter 4:  PARTICLE DIVERSION STUDIES: PARTICLE TRACKING VELOCIMETRY 
 
164 
image format for each virtual camera is one quarter of the quadratic image 
format of the actual camera. 
 
 
Figure 4.4:  Flexible mirror system with single camera and four deflection mirrors on a rail 
system (from Putze & Raguse, 2007):  (a) Photo of the setup; (b) Single image with four parts. 
 
 It can be seen from Figures 4.3(b) and 4.4(b) that these single camera /mirror 
configurations are capable of providing satisfactory results, both in industrial and 
research applications.  However, reduced field of views are expected as a result of 
employing mirror systems, though the additional expense incurred in handling the 
virtual cameras are negligible and can be automated.  
  
 Kunze et al. (2008) presented a mirror particle tracking velocimetry (MPTV) 
technique to obtain measurement of the wall-shear-stress.  The basic principle of the 
technique is shown in Figure 4.5.  An orthogonal stereo-camera set-up is used and a 
reflective coated surface is employed.  Using this set-up, the original particle and its 
mirror image within the flow in the very near-wall region (wall-normal distances as 
close as 50 µm) could be recorded simultaneously.  A and B denote the real images 
and A' and B' are the mirror images of the particles.  The coordinates of both the real 
and mirror particle images obtained by the two cameras, X1, X2 and Y1, Y2, can 
therefore be used to determine the particle position in all three coordinates using 
Equation (4.1): 
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  (4.1) 
where  A = real image of a particle, 
 A’ = mirror image of a particle, 
x1 = position of the particle in the x coordinate in the left camera, 
 x2 = position of the particle in the x coordinate in the right camera, 
y1 = position of the particle in the y coordinate in the left camera, 
y2 = position of the particle in the y coordinate in the right camera, 
α = camera inclination angle from the mirror surface. 
    
 
Figure 4.5:  Basic principle for a stereo camera set-up with an angular displacement of 90° (from 
Kunze et al., 2008) 
 
One advantage of the MPTV technique compared to more conventional 
stereoscopic particle tracking velocimetry techniques is that four particle images (real 
and mirror) instead of two images are available to calculate the exact position of the 
particle.  Using this information, the axial component of wall shear stress can be 
determined with a single camera with high accuracy and high spatial and temporal 
resolution over larger surfaces. 
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Figure 4.6:  Proposed orthogonal stereo-cameras system with a mirror (achieving 360° view of 
the test section) for the ballooned-pin flow diversion studies  
 
It should be noted that a mirror system similar to the one proposed by 
Kunze et al. (2008) was originally designed as a 3-D PTV technique for the flow 
diversion studies described in this thesis.  A schematic of the arrangement is 
illustrated in Figure 4.6.  Using this technique, a series of preliminary experiments 
were conducted.  In spite of the basic advantage of image acquisitions of four views 
using only two cameras and the resultant improvement in accuracy associated with 
this mirror technique, there is a reduction in the spatial resolution in the spanwise 
(radial) direction.  It is implicit in PTV that the particles tracked should stay inside the 
volume of interest for a sufficiently long time.  However, the preliminary results 
showed that when using this mirror arrangement, only small viewing windows could 
be selected for all the four views to be reasonably well-focussed and for the resolution 
to be high enough to enable automated 3-D PTV using the tracking algorithm 
developed as part of this project.  This was because the distances in the axial direction 
are much longer than the radial axis.  Consequently, this was considered 
unsatisfactory for the flow diversion studies and despite it being a potentially novel 
method, it was not implemented in the final setup.    
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4.1.4 Experiments with a Lagrangian Method 
A number of Lagrangian PTV experiments have been carried out by different research 
institutes to study 3-D flows and the results from many of these are available in the 
open literature.  Despite differences between their research focus and the specific 
applications considered in this thesis, some of the investigations should be highlighted 
due to the Lagrangian nature of their work, which is somewhat similar in approach to 
the flow diversion studies.  
 
 PTV measurements in a Lagrangian frame and the development of the 
technique have been performed at ETH (the Swiss Federal Institute of Technology) in 
the last two decades.  The technique has been described in some detail in Maas et al. 
(1993) and Malik et al. (1993).  The algorithm used by Maas et al. (1993) is detailed 
in Figure 4.7. 
 
 
Figure 4.7:  Flow chart developed by Maas et al. (1993) for 3-D PTV 
 
Using this technique, by careful calibration of a 3-camera system, the ability 
of the tracking scheme was tested by observing particle trajectories in a flow field 
produced by manual stirring of water in a small glass tank (Malik & Dracos, 1993).  
The observation volume in this study was 5×20×30 cm
3
.  Using this system, 31 
frames were recorded at a rate of 25 images.  It was believed that with a 3-camera 
system, the measurement is accurate to within 0.17 pixels.  The authors also 
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highlighted that this accuracy could be further enhanced to within 0.1 pixels in image 
space, using a 4-camera system with improvements in calibration, lighting and 
particle size and shape.  In the 3-camera system, the projected lines from the 
individual cameras form a triangle, and ideally an equilateral triangle, as illustrated in 
Figure 4.8(a).  The arrangement for a four-camera system is shown in Figure 4.8(b), 
in which the projective centres of the system are in a square arrangement.  
 
 
(a) 
 
(b) 
Figure 4.8:  3-D PTV systems by Maas et al. (1993): (a) Arrangement of three CCD cameras; 
(b) A four-camera arrangement. 
 
The trajectories of the seeded particles within the observation volume are 
shown in Figure 4.9.  The average number of particles observed in each frame was 
about 1000, but the number of particle coordinates determined in the overlapping part 
of the images was approximately 850.  The average number of links made per time 
step determined by the tracking scheme was found to be 800.  Further results of the 
work carried out by the same research team can be found in Virant & Dracos (1997). 
 
 
Figure 4.9:  Particle trajectories observed in stirred water tank (from Malik & Draco, 1993) 
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 A more recent experimental investigation of the trajectory tracking of solid 
particles has been conducted by Wang et al. (2008), who used a similar Lagrangian 
approach to that implemented as part of the project described in this thesis.  The work 
of Wang et al. (2008) was carried out to better understand the stochastic and statistical 
behaviour of particle motion in the separation process inside hydrocyclones.  The 
hydrocyclone used was made of polished transparent Perspex.  A high-speed motion 
analyser (HSMA) system, which consisted of a high-speed camera, a data processor, a 
video recorder, a monitor and a computer, was used to track the particle trajectory.  
Vegetable seeds with a black surface and with a density of 1.14 g/cm
3
 (1140 kg/m
3
) 
and diameters of 700, 800 and 900 μm were chosen to be used as the solid particles. 
 
4.1.5 Other Particle Tracking Methods: Particle Shadow Tracking 
A variety of new particle tracking methods have recently been developed, 
which do not strictly fall into the existing PIV and PTV categories. An example of 
such a method is Particle-Shadow Tracking (PST), as developed by 
Lancien et al. (2007) to measure the velocity of a fluid in the vicinity of a wall, so that 
the structure and dynamics of boundary layers can be understood.  The PST method 
was developed because, for boundary layer studies, a high accuracy on both the 
velocity and the distance to the wall are required.  Unfortunately, conventional optical 
methods such as PIV or laser anemometry usually fail to meet these criteria when 
operating too close to a wall.  The schematic of the PST method is illustrated in 
Figure 4.10. 
 
 
Figure 4.10:  Schematic of the PST method (from Lancien et al., 2007) 
 
Chapter 4:  PARTICLE DIVERSION STUDIES: PARTICLE TRACKING VELOCIMETRY 
 
170 
 In the PST method the fluid is seeded with a very small number of fine 
neutrally buoyant tracer particles of density (ρp) close to that of the fluid (ρ).  The key 
to this method is the simultaneous tracking of each particle and its shadow on the 
wall, allowing accurate determination of the distance separating tracers from the wall 
and subsequent velocity field discrimination.  As seen in Figure 4.3, the illumination 
is provided by a point light source, placed at a small incidence angle α.  The camera is 
positioned perpendicularly to the wall to record at regular time intervals.  By 
processing the images, the lateral coordinates (xp and yp) of each particle and (xs and 
ys) of the shadow it projects on the wall can be extracted.  Using the distance 
separating the particle from its shadow, d, as shown in Figure 4.10, the third 
coordinate of the particle, zp can be calculated using: 
 
 tanpz d d     (4.2) 
This has an error of  
 pz R    (4.3) 
where R is the spatial resolution of the image. 
 
 
4.2  PRINCIPLE OF PARTICLE TRACKING VELOCIMETRY 
Although Particle Tracking Velocimetry (the method use in the present study) is one 
of the oldest measuring techniques for determination of velocity vectors in fluid flow, 
it is only in the last two decades that this technique has developed to a sufficient level 
to provide measurements with a high degree of accuracy.  The basic principle of the 
technique is illustrated in Figure 4.11.   
 
In the PTV technique, the velocity of particles is measured by tracking 
individual particle images in consecutive image frames and computing the 
directionally resolved vector for each pair of particle-images that are matched 
successfully, as defined in the formula:  
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  (4.4) 
where 
ix  is the displacement of the particle in the i direction (i = 1, 2, 3) within time 
t , and ( ) ( )i i ix x t t x t    .  At each time step, the coordinates ( )ix t of the imaged 
particles in the object space can be recorded. Therefore, with a known t  (determined 
by the frequency of the camera and number of frames) and an accurately 
measured ix , the local velocity may be determined. 
 
 
Figure 4.11:  Basic principle of multi-frame displacement estimation in PTV 
 
Three-dimensional particle tracking velocimetry (3-D PTV) (as used in the 
present study) is an extension of this technique for the determination of velocity 
vectors and trajectories within a 3-D observation volume. The 3-D PTV measurement 
technique is suitable for the Lagrangian nature of our investigation. 
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4.3 APPLICATION OF 3-D PTV IN THE PRESENT STUDY 
In the 3-D particle tracking technique developed as part of this project, individual 
particles are tracked by two cameras simultaneously, recording at 2000 frames/s.  A 
limited seed density is used, avoiding the ambiguities arising from partially 
overlapping particles.  As a result, vector projections can be correctly matched to 
yield accurate velocity and position information.  Instead of tracking particles in a thin 
light sheet, the particles are tracked in an illuminated volume.  This is more accurate 
than PIV-based techniques, since the actual path of the particles is analysed 
(Cowen & Monismith, 1997).  For the work described in this thesis, the cameras were 
arranged in orthogonal positions. The use of orthogonal views simplifies the 
reconstruction procedure and improves the accuracy over small-angle stereoscopy 
(Medioni & Nevatia, 1985; Guezennec et al., 1994).  In theory, the optimal 
arrangement should be achieved using 3 cameras in mutual orthogonal positions in 
order to track the u, v and w components of particle velocity.  However, for the 
geometry under consideration, the introduction of a third camera to track particle 
movements in the x-y direction from the top is not feasible.  This is due to the shape of 
the central “ballooned” rod used in the annulus experimental geometry, obscuring 
particle visualisation when the particles are in the lower part of the “balloon” region.  
 
 
Figure 4.12:  Orthogonal dual camera arrangement for the ballooned-pin flow diversion studies  
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Using the dual camera arrangement, the positions of the particles, in both the 
x-z and y-z directions, were determined in successive images.  In this description, y is 
assumed to be the axis perpendicular to the plane formed by the two optical axes (see 
Figure 4.12).  The in-plane velocity component was obtained by determining the 
displacement of each particle and the time between successive images.  The actual 
trajectories of the particles in both the x-z and y-z directions have also been obtained.  
 
For each of the experimental conditions used in the experimental flow 
diversion studies (described in Section 3.4.3), the resultant images from the two 
tracking positions were processed using a bespoke PTV algorithm.  A summary of the 
3-D PTV methodology is outlined in Figure 4.13.  The algorithm consists of two main 
parts: 
 
a) Initial image enhancement; 
b) Subsequent particle trajectory determination. 
 
 
Figure 4.13:  3-D PTV tracking algorithm 
 
The image processing was carried out using the i-SPEED Software Suite 
supplied with the Olympus
®
 high speed video camera systems.  After careful review 
of available Particle Tracking Velocimetry software and algorithms, a public domain, 
Java-based image processing program called ImageJ was selected to be used to post-
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process the particle tracking images recorded. ImageJ (http://rsbweb.nih.gov/ij/) was 
developed at the US National Institutes of Health and it was designed with an open 
architecture that enables development via Java plugins and recordable macros.  It is 
able to display, edit, analyse, process, save and print 8-bit, 16-bit and 32-bit images 
and it supports different image formats including TIFF, PNG, GIF, JPEG, Bitmap, 
DICOM, FITS as well as raw formats.  Due to the Java capability of ImageJ, 
additional software can be implemented as a Java plug-in for ImageJ to enable 
tracking of individual particles over noisy image sequences. SpotTracker, which was 
developed by the Biomedical Imaging Group (BIG) at Ecole Polytechnique Fédérale 
de Lausanne (EPFL) was chosen to be used in this algorithm.  The details of the 
tracking algorithm used in SpotTracker may be found in Sage et al. (2005). 
 
4.3.1 Image Processing 
As illustrated in Figure 4.13, recorded image sequences were reviewed in the i-
SPEED Software Suite.  Using this software, the image quality (e.g. brightness, 
contrast and sharpness) was then adjusted.  The sequence of interest was then selected 
and saved as TIFF files (instead of the original .hsv format) for subsequent 
processing.  The background (with no particle in view), as mentioned in Section 3, 
was also converted to TIFF image file format.   
 
4.3.2 Post-Processing 
The selected TIFF sequence was then opened in ImageJ and converted to an image 
stack, which is a series of images that share a single window.  A stack is 
multithreaded so time-consuming operations such as image file reading may be 
performed in parallel with other operations.  The background image was subtracted 
from the image stack, i.e. from every single frame within the stack.  As ImageJ is only 
able to process 8-bits, 16-bits or 32-bits images, the image type was then reduced 
from RGB colour to an 8-bit image.  If necessary, the processed stacked could be 
saved as an AVI video file at any of these stages.   This enables easy playback for 
future use or as a reference.  Following this, the particle tracking software, 
SpotTracker, was launched.  This software would normally automatically detect the 
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particle of interest.  However, a particle could also be manually selected.  To do this, a 
node was selected as the centre of a Region of Interest (ROI) using Point Selections 
on the ImageJ toolbars.  This provides x and z positions at each frame.  The particle 
trajectory details (x, z position, time, velocity etc.) are output as a text file and can be 
directly opened in Excel.  
 
As mentioned previously, in the PTV experiments described in this thesis, 2 
cameras were synchronised to be triggered and record simultaneously.  The same 
tracking algorithm was applied for the second camera to provide y and z positions at 
each frame.  By combining the x-z-t data from one camera with the y-z-t data from the 
other imager, full 3-D information (x, y, z, t) may be obtained for the particle of 
interest.  
 
In Chapter 5 the trajectory data obtained using these image processing tools is 
examined further.  Chapter 6 then compares the resultant experimental data to CFD 
codes. 
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Chapter 5:  
PARTICLE DIVERSION STUDIES:  
RESULTS 
 
5.1 INTRODUCTION 
In the previous two chapters experimental details of the apparatus and experimental 
techniques employed for the investigation of the effect of a ballooned pin on particle 
diversion have been considered.  Chapter 3 provided specific details of the test section 
geometry and the range of experimental conditions considered and highlighted the 
reasons for the choice of particles used to represent the water droplets produced 
during the reflood phase of a postulated LB-LOCA.  Chapter 4 reviewed the 
development of potential particle tracking methodologies which could be applied to 
this series of experiments and then gave specific details of the application of a novel 
3-dimensional PTV technique developed to determine the particle trajectories 
occurring during the ballooned pin tests.  This present chapter (Chapter 5) presents the 
data obtained for particle tracks over a range of particle diameters, gas velocities and 
positions.  Sample data from this data set have been used for comparison with CFD 
predictions using the STAR-CD code and these comparisons and associated 
extensions of the CFD methodology are presented in Chapter 6. 
 
 
5.2 SAMPLE EXPERIMENTAL RESULTS AND OBSERVATIONS   
Using the tracking algorithm summarised in the previous chapter (specifically 
Figure 4.13), a number of tests were performed within the model ballooned-pin 
system described in Section 3.2.  Pictures were taken in axial flow regions as follows: 
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Elevation 1: 326 to 471 mm 
Elevation 2: 471 to 622 mm 
Elevation 3: 622 to 768 mm 
Elevation 4: 768 to 914 mm 
Elevation 5: 914 to 1060 mm 
 
Sample particle trajectories are given in Figures 5.1, 5.2 and 5.3 for the case of 
a 1 mm particle injected into a gas flow of 0.0146 kg/s and viewed at Elevations 1-3 
respectively.  In each of these illustrations, Figure (a) shows the trajectory recorded by 
the camera (i-SPEED 2) positioned to focus on the x-z view.  In these views the 
particle enters the specified interrogation window at a position marked as (1) and then 
exits this window at a position marked as (2).  The track shown illustrates the position 
of the particle in successive frames separated by a known time interval and the 
particle velocity components in the x and z directions can thus be determined.  
Similarly, in Figure (b), the equivalent trajectory is plotted for the view recorded by 
the camera (i-SPEED 3) positioned to focus in the y-z plane.  This allows velocity 
components in the y and z directions to be determined (of course, the z direction 
component of velocity is also obtained from the x-z track; the two values were in 
reasonable agreement).  Having the three (x, y and z) components of velocity as a 
function of time allows the calculation of the actual (vector) velocity as a function of 
time and this is an important input into the CFD calculations (Chapter 6).  In Figures 
(c), the trajectory data from Figures (a) and (b) are combined by transforming the 
Cartesian co-ordinate data into a cylindrical co-ordinate system to produce a complete 
3-D path-line plot.  In this case the axial direction is denoted  as z and the cross-
sectional trajectory components are plotted in r- coordinates.  The outer annulus wall 
position corresponds to the maximum radial displacement displayed on these plots.  
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Figure 5.1:  Trajectory of a particle size of 1.0 mm diameter, air inlet flowrate of 0.0146 kg/s at 
axial elevation 1: (a) Actual trajectory of x-z view; (b) Actual trajectory of y-z view;  
and (c) 3-D (x, y, z, t) plot. 
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Figure 5.2:  Trajectory of a particle size of 1.0 mm diameter, air inlet flowrate of 0.0146 kg/s at 
axial elevation 2: (a) Actual trajectory of x-z view; (b) Actual trajectory of y-z view;  
and (c) 3-D (x, y, z, t) plot. 
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Figure 5.3:  Trajectory of a particle size of 1.0 mm diameter, air inlet flowrate of 0.0146 kg/s at 
axial elevation 3: (a) Actual trajectory of x-z view; (b) Actual trajectory of y-z view;  
and (c) 3-D (x, y, z, t) plot. 
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  In general, it may be noted that for the particle tracks shown in Figures 5.1 – 
5.3 (and also for the larger collection of tracks given in Section 5.3 below) the tracks 
are relatively smooth indicating a rather weak effect of gas phase turbulence on the 
particle motion.  
 
 To examine the effect of the flow on a particle, the commonly used 
dimensionless group is the Stokes number.  For the purposes of this investigation, this 
parameter is defined as follows: 
 
 
g p
p
U
St
d

  (5.1) 
where Ug is the fluid velocity, dp is the particle diameter, and p  is the relaxation 
time, given by: 
 
 
2
18
p p
p
g
d

 
  (5.2) 
where p  and g  are the particle and gas densities, and   is the gas kinematic 
viscosity. 
 
The Stokes numbers for the cases covered in the present experimental matrix 
considered as part of this work are summarised in Figure 5.4.  As illustrated in this 
figure, the Stokes number increases with both the particle diameter and the vapour 
feed rate.  In all cases, it may also be noted that the particles are highly inertial 
(St >> 1), that is they are likely to respond to the average gas flow rather than to the 
fluctuations in gas flow due to turbulence.  The particle diameters used were chosen to 
be typical of the larger droplets encountered in reflood (as is confirmed by 
observations of drops in reflood as reported in Chapter 10).  One may conclude, 
therefore, that the actual behaviour of the larger droplets in reflood is also inertia-
dominated.  Of course, smaller droplets will be present in reflood; it is possible to 
investigate their behaviour using CFD calculations and such investigations are 
reported in Chapter 6.  
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Figure 5.4:  Stokes number for various particle sizes and inlet flowrate 
 
 
5.3 PARTICLE TRACK DATA 
Figures 5.5 to 5.23 show data obtained for particle tracks under a variety of conditions 
(Table 5.1) as follows:  
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Table 5.1  Summary of conditions 
Figure 
Number 
Gas 
mass 
flow 
(kg/s) 
Particle 
size 
(mm) 
Elevation 
Axial 
Position 
range 
(mm) 
Initial 
particle 
velocity 
(m/s) 
Collision 
with 
central 
rod 
Collision 
with 
outer 
tube 
5.5 0.0146 2.5 1 326-471 1.7 Yes Yes 
5.6 0.0146 2.5 2 471-622 4.7 Yes Yes 
5.7 0.0146 2.5 3 622-768 0.9 No No 
5.8 0.0146 2.5 4 768-916 1.0 No No 
5.9 0.0146 2.5 5 916-1074 1.5 No No 
5.10 0.0243 2.5 1 326-471 8.2 Yes Yes 
5.11 0.0243 2.5 2 471-622 12.6 No Yes 
5.12 0.0243 2.5 3 622-768 2.4 No Yes 
5.13 0.0243 2.5 4 768-916 4.5 No Yes 
5.14 0.0243 2.5 5 916-1074 4.4 Yes No 
5.15 0.0146 1.0 1 326-471 2.2 No No 
5.16 0.0146 1.0 2 471-622 13.8 No Yes 
5.17 0.0146 1.0 3 622-768 5.4 No Yes 
5.18 0.0146 1.0 4 768-916 3.5 Yes No 
5.19 0.0146 1.0 5 916-1074 3.3 No No 
5.20 0.0243 1.0 1 326-471 7.0 No Yes 
5.21 0.0243 1.0 2 471-622 17.0 Yes Yes 
5.22 0.0243 1.0 3 622-768 7.2 No Yes 
5.23 0.0243 1.0 4 768-916 11.1 No Yes 
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Figure 5.5:  Experimental data for particle trajectory of a particle size of 2.5 mm diameter,  
air inlet flowrate of 750 l/min (0.0146 kg/s) at  Elevation 1: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.6:  Experimental data for particle trajectory of a particle size of 2.5 mm diameter,  
air inlet flowrate of 750 l/min (0.0146 kg/s) at  Elevation 2: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.7:  Experimental data for particle trajectory of a particle size of 2.5 mm diameter,  
air inlet flowrate of 750 l/min (0.0146 kg/s) at  Elevation 3: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.8:  Experimental data for particle trajectory of a particle size of 2.5 mm diameter,  
air inlet flowrate of 750 l/min (0.0146 kg/s) at  Elevation 4: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.9:  Experimental data for particle trajectory of a particle size of 2.5 mm diameter,  
air inlet flowrate of 750 l/min (0.0146 kg/s) at  Elevation 5: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.10:  Experimental data for particle trajectory of a particle size of 2.5 mm diameter,  
air inlet flowrate of 1250 l/min (0.0243 kg/s) at  Elevation 1: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.11:  Experimental data for particle trajectory of a particle size of 2.5 mm diameter,  
air inlet flowrate of 1250 l/min (0.0243 kg/s) at  Elevation 2: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.12:  Experimental data for particle trajectory of a particle size of 2.5 mm diameter,  
air inlet flowrate of 1250 l/min (0.0243 kg/s) at  Elevation 3: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.13:  Experimental data for particle trajectory of a particle size of 2.5 mm diameter,  
air inlet flowrate of 1250 l/min (0.0243 kg/s) at  Elevation 4: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.14:  Experimental data for particle trajectory of a particle size of 2.5 mm diameter,  
air inlet flowrate of 1250 l/min (0.0243 kg/s) at  Elevation 5: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.15:  Experimental data for particle trajectory of a particle size of 1 mm diameter,  
air inlet flowrate of 750 l/min (0.0146 kg/s) at  Elevation 1: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.16:  Experimental data for particle trajectory of a particle size of 1 mm diameter,  
air inlet flowrate of 750 l/min (0.0146 kg/s) at  Elevation 2: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.17:  Experimental data for particle trajectory of a particle size of 1 mm diameter,  
air inlet flowrate of 750 l/min (0.0146 kg/s) at  Elevation 3: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.18:  Experimental data for particle trajectory of a particle size of 1 mm diameter,  
air inlet flowrate of 750 l/min (0.0146 kg/s) at  Elevation 4: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.19:  Experimental data for particle trajectory of a particle size of 1 mm diameter,  
air inlet flowrate of 750 l/min (0.0146 kg/s) at  Elevation 5: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.20:  Experimental data for particle trajectory of a particle size of 1 mm diameter,  
air inlet flowrate of 1250 l/min (0.0243 kg/s) at  Elevation 1: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.21:  Experimental data for particle trajectory of a particle size of 1 mm diameter,  
air inlet flowrate of 1250 l/min (0.0243 kg/s) at  Elevation 2: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.22:  Experimental data for particle trajectory of a particle size of 1 mm diameter,  
air inlet flowrate of 1250 l/min (0.0243 kg/s) at  Elevation 3: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location.
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Figure 5.23:  Experimental data for particle trajectory of a particle size of 1 mm diameter,  
air inlet flowrate of 1250 l/min (0.0243 kg/s) at  Elevation 4: (a) Actual trajectories;  
(b) Cross-sectional location; and (c) Vertical location. 
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5.4 CONCLUSION 
Experimental data have been obtained for the 3-dimensional tracks of particles 
injected into gas streams flowing in an annular channel whose central surface was 
shaped to represent a ballooned pin in a PWR element.  Particle tracks were obtained 
over a wide range of conditions and are presented above.  It may be concluded that    
accurate particle velocity/position data can be obtained using the methodology 
developed.  Tracks selected from those shown above were used for comparisons with 
the CFD calculations as is described in Chapter 6.  
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Chapter 6:  
PARTICLE DIVERSION STUDIES:  
CFD PREDICTIONS 
 
6.1  INTRODUCTION 
Chapters 3-5 describe experimental work which was carried out to obtain particle 
tracks in a geometry simulating that in a ballooned nuclear fuel bundle.  In the work 
reported in this present chapter, the objective was to make comparisons between this 
data and predictions from computational models. 
 
Safety analysis for nuclear reactors is routinely performed using systems codes.  
Such codes are exemplified by the Reactor Excursion and Leak Analysis Program 
(RELAP) code, developed at Idaho National Engineering Laboratory (INEL) for the 
U.S. Nuclear Regulatory Commission (NRC) (Ransom et al., 1997) and the TRAC-
PF1 code series (Spore, 1990).  The problems associated with clad ballooning can be 
addressed by combining such systems codes with codes capable of representing the 
structural mechanics aspects of the deformation processes occurring.  The latter 
category of codes includes the Westinghouse codes BART and TAPSWEL (Healey & 
Board, 1982), the Kernforschungszentrum Karlsruhe code SSYST 
(Borgwaldt & Gulden, 1982) and the UKAEA code MABEL (Bowring, 1982).  In 
earlier work at Imperial College, Ammirabile (Ammirabile, 2003 and Ammirabile & 
Walker, 2008) created a new multi-pin model, MATARE (MAbel-TAlink-RElap), 
through dynamic coupling between the thermal-hydraulic code RELAP and the 
single-pin structural mechanics code MABEL.  The MATARE code was used to 
analyse three different sub-assembly areas of a typical PWR fuel assembly during the 
reflood phase of a LOCA.  
 
Though systems codes (including combined thermal hydraulics and structural 
mechanics codes such as MATARE) are an essential component of the safety analysis 
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process, they are generally not capable of representing detailed information of the 
type obtained in the present work.  However, a bridge between the detailed data and 
the full-scale systems can be provided using Computational Fluid Dynamics (CFD).  
CFD codes have become a very widely used tool in most engineering areas involving 
fluid flow and heat transfer and are capable of being used over a wide range of scales.  
Thus, they can be used to predict large scale systems (and thus augment the systems 
codes in the case of nuclear reactors) but they can also be used (and therefore 
validated) at a scale commensurate with the present experiments and therefore provide 
a bridge between these and the full reactor case.  Thus, validation of CFD modelling 
by comparison with the present experiments has been an important part of the present 
project.  The CFD work has been carried out in collaboration with Dr. Evgeniy 
Burlutskiy whose contributions are gratefully acknowledged.  
 
In what follows, the bases of CFD codes (and of the STAR-CD code in 
particular) are described in Section 6.2.   
 
 
6.2 COMMERCIAL CFD CODES 
6.2.1 The Basic Equations 
All commercial CFD codes use as a basis the classical mass, momentum (and where 
appropriate) energy equations.  The mass (continuity) and momentum equations are 
given as follows:  
 
Continuity (mass conservation) equation 
 
When written in Cartesian coordinates, the rate of accumulation of material in control 
volume = x y z
t

  

.  For a constant density fluid: 
 
 0
yx z
vv v
x y z
 
  
  
 (6.1) 
 
Chapter 6:  PARTICLE DIVERSION STUDIES: CFD PREDICTIONS 
205 
Equation (6.1) may also be written as 0
u v w
x y z
  
  
  
.  This is the continuity 
equation. 
 
Momentum equations 
 
Again, considering the same control volume in Cartesian coordinates, the x-
component of the momentum equation is given by:  
 
Rate of momentum Rate of Rate of Sum of forces
accumulation momentum in momentum out acting on system
       
         
       
 (6.2) 
where the rate of momentum accumulation is: 
 
 x
v
x y z
t


   

 (6.2a) 
the net momentum gain by convection is: 
 
 
       
   
x x x x y x y xx x x y y y
z x z xz z z
y z v v v v x z v v v v
x y v v v v
   
 
 

       
    
   
 
 (6.2b) 
the net momentum gain by molecular motion (viscosity) is: 
 
 
x x x x
x x x y y y
x x
z z z
v v v v
y z x z
x x y y
v v
x y
z z
   
 
 

     
          
       
  
    
  
 (6.2c) 
the pressure force is: 
 
   
  x x xy z p p     (6.2d) 
and the gravity force is: 
 
   
 xg x y z     (6.2e) 
hence, 
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2 2 2
2 2 2
            
yx x x x xz
x x y z
x x x
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vv v v v vv
v v v v
t x y z x y z
v v v p
g
x y z x
 
 
      
        
        
    
     
    
 (6.3) 
 
This may be further simplified by substituting the continuity equation, 
Equation (6.1), into Equation (6.3).  Similar equations to Equation (6.3) may also be 
derived for the y and z directions.  Together, these form the Navier-Stokes equations 
as follows:  
 
x-component 
 
 
2 2 2
2 2 2
x x x x x x x
x y z x
v v v v v v v p
v v v g
t x y z x y z x
  
         
         
          
 (6.4) 
 
y-component 
 
 
2 2 2
2 2 2
y y y y y y y
x y z y
v v v v v v v p
v v v g
t x y z x y z y
  
         
                     
 (6.5) 
 
z-component 
 
 
2 2 2
2 2 2
z z z z z z z
x y z z
v v v v v v v p
v v v g
t x y z x y z z
  
         
         
          
 (6.6) 
 
 
6.2.2 Turbulence Modelling 
In most engineering applications, the flow is turbulent (chaotic) and the velocity 
fluctuates with time.  Mathematically, this is a consequence of the particular form of 
non-linearities of the above equations.  Whilst in principle the above equations can be 
solved to predict this using Direct Numerical Simulation (DNS) such solutions are 
limited to relatively low Reynolds numbers and are not applicable to the flows of 
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relevance here, or indeed to the flows in almost all engineering applications (Hewitt & 
Vassilicos, 2005). 
 
Gaining practical solutions to practical engineering problems requires that the 
detailed complexity of the flow be to a degree ignored, albeit the influence of the 
complexity on the macroscopic flow needs to be retained.  This is the province of 
turbulence modelling.  A short introduction to this will be given below. 
 
It is convenient to express the three components of velocity as the sum of the 
mean velocity and an instantaneous velocity component as follows: 
 
 x x xv v v    (6.7) 
 y y yv v v    (6.8) 
 z z zv v v    (6.9) 
where xv , yv  and zv  are the velocity fluctuations in the x, y and z directions 
respectively.  
 
These fluctuating components can be introduced into the Navier-Stokes and 
the equations averaged to produce the Reynolds-Averaged Navier-Stokes (RANS) 
equations.  For the case of steady mean flow, the RANS equations may be written as:  
 
   0j
j
u
x




 (6.10) 
  j i i j
j i
p
u u
x x
 
 
  
 
 (6.11) 
where, ix is the Cartesian coordinate (i = 1, 2, 3), iu is the absolute fluid velocity 
component in direction ix , p  is the piezometric pressure,  is the fluid density, and 
i j  are stress tensor components which arise from the Reynolds averaging process.  
The additional stress terms ( ij i jv v    ) are known as the Reynolds stresses and arise 
from averages of the products of the fluctuation terms; whereas the averages of 
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fluctuation terms themselves are zero, the averages of their products are not (see 
Bird et al., 1960).  
 
It should be noted that the RANS equations do not give a solution to the 
problem; rather, they give a framework on which empirical models can be built.  The 
specific challenge is to model the Reynolds stress terms. 
 
The most widely used empirical model is the k-  model (El Tahry, 1983) 
where k is the turbulent kinetic energy and   is the turbulence dissipation rate.  This 
is the modelling approach used in the present work.  Basically, the effects of 
turbulence are captured in the k-  model by defining a turbulent viscosity t  which 
is added to the molecular viscosity   in Equations 6.4 to 6.6 (the Navier-Stokes 
equations).  In the basic k-  model, it is assumed that t  is the same in all directions 
(the Boussinesq assumption).  In the k-  model equations are written for k and   as 
follows:  
 
Turbulence kinetic energy 
 
    
2
3
t i i
j t B t t NL
j k j i i
k
k u k P P k P
t x x x x
  
       

       
            
         
  (6.12)      
where k  is the turbulent Prandtl number, and  
 iij
j
u
P S
x

  (6.13)      
 
,
1i
B
h t i
g
P
x

 

 

 (6.14)      
 ' '
2
3
i i i
NL i j
t j i t i
u u uk
P u u P
x x x
 
 
    
      
    
 (6.15) 
and PNL = 0 for linear models. 
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Turbulence dissipation rate 
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    
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    
        
    
  
  (6.16) 
where k  is the turbulent Prandtl number, and 1C , 2C , 3C  and 4C  are coefficients, 
as given in Table 6.1.  In addition, 
t is the turbulent viscosity: 
 
 
2
t
C k
f





  (6.17)      
where C  is an empirical coefficient, with a value usually taken as a constant, as 
shown in Table 6.1 (from STAR-CD, 2004).  f  is the damping function, which is 
defined when the individual model variants are presented. 
 
Table 6.1  Coefficients of the standard k-ε turbulence model 
Cµ 0.09 
ζk 1.0 
ζε 1.22 
ζh 0.9 
ζm 0.9 
Cε1 1.44 
Cε2 1.92 
Cε3 
0.0 otherwise 
or 1.44 for PB > 0 
Cε4 -0.33 
k 0.419 
ε 9.0 (for smooth walls) 
 
As will be seen, the k-  model involves a large degree of empiricism and 
needs many empirical constants whose values are obtained by fitting empirical data.  
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More complex models require even more constants.  For the (vast majority) of cases 
where DNS cannot be applied, CFD modelling is based on such empirical turbulence 
models and this is often a source of uncertainty in the results (Hewitt & Vassilicos, 
2005).  
 
6.2.3 CFD of Gas-Particle Flows 
In order to predict the motion of the two phases (solid particles and gas) in a gas-
solids flow, a number of approaches can be taken.  In the Eulerian-Eulerian approach, 
the gas and solid phases are treated as interpenetrating and interacting media; in the 
Eulerian-Lagrangian approach, the gas flow field is calculated and the motion of 
particles in this field is tracked.  In this latter approach, it is possible to take account 
iteratively of the influence of the solid phase on the gas flow field.  For the present 
study, an Eulerian-Lagrangian method is used.  Since only a small mass and volume 
fraction of particles are being considered, there is no need to take account of effects of 
the solid phase on the gas phase flow distribution, as they will be very small. 
 
Although Computational Fluid Dynamics (CFD) codes have not, to the 
author‟s knowledge, previously been applied to understanding the clad ballooning 
phenomenon, several studies of gas-particle flows have been carried out in simpler 
flow channels (e.g. Chen & McLaughlin, 1995 and Wang et al., 1997) and in other 
more complex geometries (e.g. Kunii & Levenspiel, 1991 and Sommerfeld et al., 
1992).  A contribution of particular interest is that of Dehbi (2008) who used an 
Eulerian-Lagrangian mathematical model within the FLUENT CFD code to simulate 
gas-particle flows in arbitrary wall-bounded geometries.  Benchmarks of this model 
were performed against particle deposition data on simple and complex topologies, 
including an idealised 3-D mouth-throat geometry.  
 
6.2.4 Solution Methods 
Computational Fluid Dynamics (CFD) uses numerical methods and algorithms to 
solve and analyse problems that involve fluid flows.  In CFD, the control volume is 
much smaller than the flow geometry but the same balances of mass (Equation 6.1), 
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momentum (Equation 6.2) and energy are applied to all the inter-connected control 
volumes (otherwise known as cells); of which there are typically 100,000 to 1 million 
in a CFD model.  CFD problems are solved fundamentally using the Navier-Stokes 
equations for laminar flows or the RANS equations for turbulent flows.  In cases 
where the effect of viscosity is negligible (inviscid flows) the equations can be 
simplified by removing terms describing viscosity to yield the Euler equations.  Since 
these types of code will be the main focus of this chapter, some of the terminology 
and associated equations are firstly introduced in order to provide sufficient 
background information to assist understanding of how CFD codes work.  
 
6.2.5 Choice of CFD Code 
Commercial CFD software packages 
 
Numerous commercial software packages have been developed for modelling the 
interactions of fluids in the field of engineering.  Such commercial packages include: 
 
1) AVL FIRE by AVL;  
2) CFE-ACE+, and CFD-FASTRAN by ESI GROUP;  
3) CFdesign by Blue Ridge Numerics;  
4) CFDExpert by Zeus Numerix;   
5) CFX and FLUENT  by ANSYS Inc.; 
6) Coolit by Daat Research Corp.; 
7) COSMOSFloWorks by SolidWorks;  
8) FloEFDTM, FloEFD Pro, and FloEFD V5 by Flomerics;  
9) FLOW-3D by Flow Science, Inc.; and 
10) STAR-CD and STAR-CCM+ by CD-adapco. 
 
For the present work, the STAR-CD code was used.  The main reason for this 
choice was the availability of the code at Imperial College as part of an interchange 
with CD-adapco (the producers of the code).  Another important factor was the 
availability of advice and help from CD-adapco staff, notably Dr. Simon Lo; this help 
is acknowledged with many thanks.  
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 STAR-CD, developed by CD-adapco, has been designed to fit easily within an 
integrated Computer-Aided Engineering (CAE) environment.  The solver provides 
one of the most effective numerical methodologies available in an industrial CFD 
code with the high level of accuracy required for complex unstructured meshes.  The 
code employs the finite volume method to solve the governing equations for the 
thermofluid processes represented in a model.  The equations are solved on fully 
unstructured meshes, which can be moving and involve cell addition and deletion.  
The code was the first commercial software to introduce the moving mesh features.  
The meshes are able to move and deform, and they can also slide along non-matching 
interfaces.  Furthermore, selected cells or cell regions may be deleted or added, 
detached and re-attached to the core model.  There is an extensive range of 
thermofluid models available to be employed during a simulation process, and the 
code provides the necessary interfaces to other CAE software. STAR-CD version 4.06 
was used in the study.  
 
 
6.3 COMPUTATIONAL SIMULATIONS 
The first step in the work carried out with STAR-CD was to examine the effects of 
meshing on gas flow predictions (Section 6.3.1) to ensure that an adequately 
converged solution was obtained.  The next stage was to calculate particle tracks for 
comparison with the results obtained in the experiments (Section 6.3.2); as will be 
seen, rather good agreement was obtained between tracks calculated by the code and 
those measured.  As was seen from the results presented in Chapter 5, a number of the 
tracks include collisions with the walls of the channel.  An interesting feature here is 
the nature of the collision process.  The basic model used in STAR-CD was that of 
perfect rebound.  However, somewhat improved predictions are obtained by using the 
Sommerfeld (1992) collision model, which was introduced by Dr. Evgeniy Burlutskiy 
into STAR-CD as a user sub-routine.  Having established the viability of the STAR-
CD code in predicting the particle motion, it was then possible to use the code to 
establish the parametric effects of particle density, interaction forces and particle size; 
these parametric studies are described in Section 6.3.3.   
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6.3.1 Effect of Meshing on Gas Flow Field Predictions 
The first step in the calculations is to predict the gas flow field.  In order to gain some 
insight into the prediction of this field, calculations were performed for gas flow in the 
gap between the outer tube and the ballooned rod.  The results are shown in 
Figure 6.1.  The boundary condition options are selected using pro-STAR within the 
STAR-CD software package.  A typical “flow-in, pressure-out” approach was chosen 
for these simulations.  In other words, the inlet was defined to prescribe the flow 
conditions, where the distributions of mass flux (equivalent to the ones used in the 
experimental matrix) and fluid properties were defined.  The standard STAR-CD 
built-in fluid properties of air were used in these simulations.  At the outlet, the 
gradients of all variables along the flow direction at the outflow surface are taken to 
be zero, corresponding physically to discharge into an infinite plenum.   
 
There are potentially conflicting requirements in the mesh required for this 
problem.  It must be fine enough to resolve the flow to an adequate level of accuracy, 
but it must be coarse enough for the individual particles still to be much smaller than a 
single cell, to warrant their omission from the CFD analysis.  It is not a priori self 
evident that these requirements can be met.  This is addressed below. 
 
Figure 6.1 shows grid independence studies of the air velocity magnitude and 
the turbulent kinetic energy in the region between the outer wall and the central rod as 
a function of radial position at an elevation of 900 mm from the bottom of the 
experimental geometry.  The channel core exhibits reasonable grid independence at 
various mesh sizes.   
 
The Stokes number ( /pStk U H , where p  is the particle relaxation time, 
U is the mean fluid velocity and H is the characteristic length of the flow area) for the 
cases considered in this chapter is of the order of 1000.  As it is the movement of 
inertial particles which is being studied (see Chapter 5), more precise resolution of the 
turbulent kinetic energy in the near-wall region is not essential.  It is sufficient to 
select a mesh which resolves the velocity field adequately, even if the mesh is too 
coarse to resolve the turbulence kinetic energy fully.  For subsequent calculations a  
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Figure 6.1:  Radial distribution of the predicted fluid for different computational mesh size and 
for the elevation of 900 mm from the inlet: (a) Velocity magnitude; (b) Turbulent kinetic energy. 
 
medium (10) number of grid nodes has therefore been selected with respect to the 
radial direction in order to keep the cell size larger than the particle diameter. 
 
6.3.2 Calculation of Particle Tracks 
In order to validate the CFD model, the STAR-CD code was used to calculate some of 
the particle tracks presented in Chapter 5.  The gas flow field in the test section was 
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first calculated as described above.  The results from this calculation gave both the 
mean gas velocity field and the turbulence characteristics.  To describe the motion of 
the solid particles the Lagrangian approach has been applied, where particles are 
tracked through the resolved flow field.  The main forces act on the particle; 
aerodynamic drag force, gravity and shear-lift force, have been taken into account.  
The collision process between particle and wall has been modelled using both a 
perfect rebound model and the stochastic collision model of Sommerfeld (1992).  The 
particle motion was then calculated by solving the following set of ordinary 
differential equations: 
 
 
pi
pi
d x
u
d t
  (6.18) 
 
pi
p drag gravity shear lift
d u
m F F F
d t
    (6.19) 
where pix  are the coordinates of the particle position, piu  are the particle velocity 
components, and pm  is the particle mass.  These calculations were done using the 
STAR-CD code with the Sommerfeld (1992) collision model introduced as a user 
subroutine by Dr. Evgeniy Burluskiy.  
 
The drag force can be defined as 
 
  
3
4
drag p D i pi p
p p
F m C u u u u
D


    (6.20) 
in which p  is the particle density, pD  is the particle diameter, DC  is the 
aerodynamic coefficient (also known as the drag coefficient).  For a rigid spherical 
particle, as in the case of the flow diversion studies, the drag coefficient is computed 
based on the correlation of Schiller & Naumann (1933): 
 
 
 0.687
24
1 0.15Re ;0 Re 1000
Re
0.44;Re 1000
d d
dDC

  
 
 
 (6.21) 
where Red is the particle Reynolds number. 
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 The gravitational force is  
 
 
gravity pF m g  (6.22) 
where g is the gravitational acceleration.   
 
The shear-lift force is based on analytical results (Saffman, 1965; Mei, 1992; 
and Crowe et al., 1998) and is written as: 
  
    
0.5
1.615 Re ,Reshear lift p p p SF D u u f
 



 
        
 
 (6.23) 
where the ratio of extended shear-lift force to the Saffman force and the fluid rotation 
are given as: 
  
 
   1 0.3314 exp 0.1Re 0.3314 , Re 40
Re ,Re
0.0524 Re , Re 40
p p
p S
p p
f
 

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 
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 (6.24) 
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p
   (6.25) 
 0.5 u    (6.26) 
 
2
Re
p
S
D 

  (6.27) 
 Re
p p
p
D u u


  (6.28) 
 
A perfect rebound model was provided with the STAR-CD code and was used 
initially to study the collision process.  To account for inelastic collisions Sommerfeld 
and co-workers have performed extensive studies on particle-wall interactions 
(Sommerfeld, 1992 and Sommerfeld & Huber, 1999).  Specifically, for the application 
described in this thesis the collision model of Sommerfeld (1992) has been applied by 
implementing a user written subroutine.   
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Within the implemented particle-wall collision model, particles can collide 
with the walls of a channel and interact with either sliding or non-sliding interactions 
(Matsumoto & Saito, 1970).  
 
A collision may be considered to be non-sliding when the following condition 
is satisfied: 
 
  1 1 0 1
7
1
2 2
p
p p p
D
w e u     (6.29) 
or   1 1 0 1
7
1
2 2
p
p p p
D
w e v     
 
Here, e  is the restitution coefficient of the normal velocity component of 
particle, and 0  is the static friction coefficient, which depends on the physical 
properties of the contacting solids.  Based on experimental data obtained by 
Sommerfeld and co-workers, the value of 0  has been chosen to be 0.5 in the present 
studies described in this chapter. 
 
 
Figure 6.2:  Particle-wall collision in a vertical geometry with the particle moving upwards 
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pu  and pw  are the particle velocities normal and parallel to the wall 
respectively, as illustrated in Figure 6.2, and 
p  is the angular velocity of the particle.  
pv  is the particle velocity component orthogonal to both the pu  and pw  components.  
Furthermore, the index “1” corresponds to the value of particle velocities before 
collision with the channel wall and “2” corresponds to particle velocities after the 
collision process.  
 
The STAR-CD model implemented for these simulations does not contain the 
governing equation for the particle rotation and so this term was be neglected.  
Therefore, the angular velocity term 
 
 ωp1 ≈ 0 (6.30) 
 
And so the condition for non-sliding collisions becomes:  
 
  1 0 1
7
1
2
p pw e v   (6.31) 
 
The particle velocity components for a non-sliding collision are written as:  
 
 2 15 / 7p pw w  (6.32) 
 2 1p pv ev   (6.33) 
and 2 1p pu eu   (6.34) 
 
The particle velocity components for sliding interactions are calculated as:  
 
  2 1 11p p d pw w e r     (6.35) 
where d  (taken as  0.15) is the dynamic friction coefficient, and 
 
 1 1 1p p pr u v   (6.35a) 
 2 1p pv ev   (6.36) 
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and  
2 1p pu eu   (6.37) 
 
To account for the stochastic nature of collisions, in this description the full 
impact angle, 
1  consists of the particle trajectory angle, 1 , and a stochastic 
contribution (  ) which accounts for the wall roughness effect, as shown in 
Equation (6.38).  The probability distribution of the angular component due to 
roughness effects is approximated by a Gaussian random variable, , with a mean of 
zero and a standard deviation of one.  
 
 1 1      (6.38) 
 
Based on the previous experimental studies carried out by Sommerfeld and co-
workers, in which similar particle dimensions and flow parameters were used, the 
mean roughness angle was chosen to be  = 3.8°.  
 
An important consideration in the calculations was the initial state of the 
particle at the beginning of the observed track.  Clearly, the spatial location is known 
but it is also important to specify the components of the velocity of the particle at the 
start of the track; this was obtained from the experimental data.   
 
Figure 6.3 shows the comparisons between the measured and predicted 
particle tracks for three cases, including two where a wall collision has occurred.  The 
results including collision shown in Figure 6.3 are for the case where (as in the 
standard version of STAR-CD) perfect rebound is assumed.   
 
Results were also obtained which incorporated the Sommerfeld (1992) 
collision model (described above) and these are shown in Figure 6.4.  As will be seen 
from Figures 6.3 and 6.4, excellent agreement is obtained between the measured and 
particle tracks.  This agreement is improved somewhat when the collision model is 
included.  
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Figure 6.3:  Comparison between experimental particle track data and CFD predictions  
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Figure 6.4:  Measured and predicted particle trajectories, which starts from the different 
elevations from the inlet: (a) 471 from the inlet; (b) 622 mm from the inlet. 
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6.4 PARAMETRIC STUDIES 
Having established the success of the CFD methodology by comparison with the 
present experiments, it was then possible to use the STAR-CD code to evaluate the 
effects of physical parameters and modelling components.  The factors investigated in 
this exercise were the effect of particle density (Section 6.4.1), the relative effect on 
the results of the forces (drag, gravity, lift) acting on the particle (Section 6.4.2) and 
the effect of particle size (Section 6.4.3).   
 
6.4.1 Effect of Particle Density 
The particles used in the experiments had a density of 1360 kg/m
3
.  It is interesting to 
examine the effect of particle density and calculations were performed using STAR-
CD for a range of densities from 13.6 to 1360 kg/m
3
 for the track of a 1 mm particle 
having the same initial position and velocity as that in one of the experiments.  The 
results are shown in Figure 6.5.  As will be seen, the particle diverges more as the 
density is reduced.  For the case of a particle density of 13.6 kg/m
3 
it may be noted 
that the particle is significantly affected by the presence of the ballooned wall.   
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Figure 6.5:  The effect of particle density on particle trajectories (471 mm from inlet) with 
identical inlet and boundary conditions 
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6.4.2 Effect of Force Components 
The forces on the particle are those of drag, gravity and shear-lift (see Equation 6.19).  
In order to highlight the relative effect of these forces, particle tracks were calculated 
for particles with a smaller inertia (density of 272 kg/m
3
).  The results obtained are 
shown in Figure 6.6 which illustrates the comparison between implementing only 
drag and gravity forces and consideration of all three relevant force components (i.e. 
aerodynamic drag, gravity and shear-lift forces).   
 
When the particle moves towards the ballooned pin surface it passes through a 
flow field with a strong velocity gradient.  This strong velocity gradient induces a 
pressure difference between the particle surface closest to the ballooned wall and the 
surface furthest away from it.  As may be expected, the particle moves towards the 
region of lowest pressure.  This is the “shear-lift” force component which is the main 
contributing factor leading to particle diversion.  Figure 6.6 highlights the contribution 
of the shear-lift force to flow diversion for the case of less inertial particles.  It may be 
noted that when all relevant forces (i.e. aerodynamic drag, gravity and shear-lift 
forces) are taken into account the particle is strongly diverted whereas when only 
aerodynamic drag and gravitational components are considered the particle follows its 
original path until it collides with the ballooned wall.  
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Figure 6.6:  The effect of force components on particle trajectories (471 mm from inlet) with 
identical inlet and boundary conditions 
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Similar simulations performed for more dense particles did not demonstrate 
the effect of shear-lift force component as clearly.  In fact simulations for a particle of 
1360 kg/m
3
 showed identical trajectories for the case in which the shear lift force was 
included and the case when it was neglected. 
 
6.4.3 Effect of Particle Size 
The response of the particles to gas phase motion will obviously depend on the 
particle size.  Very tiny particles will closely follow the local instantaneous velocities 
of the gas and, of course, this is the basis of the use of such particles in PIV 
measurements of turbulent gas flow fields.  On the other hand, large particles will be 
less affected by the fluctuations in gas velocity.  Here, the STAR-CD code has been 
used to simulate the effect of particle size on particle tracks in conditions simulating 
the experiments (i.e. with the same initial particle location and velocity).  Figure 6.7 
shows the calculated trajectories for a range of particle sizes but with constant particle 
density.  The numerical predictions showed the growing influence of the shear-lift 
force on the particle motion as the particle size falls.  In other words, in a flow with a 
strong velocity gradient, shear-lift force becomes important when the Stokes number 
has relatively low values.  As the particle size is reduced the trajectories become 
progressively more affected by the presence of the ballooned wall.  
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Figure 6.7:  The effect of particle size on particle trajectories (471 mm from inlet) with identical 
inlet and boundary conditions and boundary conditions 
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Figure 6.8:  Predicted trajectories with identical inlet and boundary conditions (at 471 mm from 
inlet): (a) Large (1 mm diameter) particles; (b) Small (0.01 mm diameter) particles. 
 
Since the gas phase turbulence is random in nature, it follows that the particle 
tracks are more and more random as the particle size reduces.  This effect is illustrated 
in Figure 6.8 which shows repeated calculations of particle tracks for given initial 
position and velocity.  In Figure 6.8(a), the particle size is 1 mm and the calculated 
tracks vary only slightly between successive calculations, indicating that the effect of 
gas phase turbulent velocity fluctuations is small.  This is because these particles are 
inertial (Stk ~ 1000) and are not significantly influenced by the fluctuations.  
However, if the particle size is reduced to 0.01 mm, then successive particle tracks 
differ greatly and illustrate a random motion characteristic of the turbulent 
fluctuations (Figure 6.8 (b)).  In this case, where the Stokes number is about 0.1, the 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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turbulent fluctuations within the fluid flow field strongly influence the motion and 
dispersion of the particles.  
 
 
6.5 CONCLUSIONS 
By using a representative geometry in the STAR-CD code (version 4.06) and taking 
into account all relevant forces on individual particles (drag, gravitational and lift 
forces), successful prediction of air-particle trajectories in a turbulent flow was 
achieved.  Specifically, the computational predictions showed extremely good 
qualitative and quantitative agreement with the experimentally measured values up to 
the point of particle-wall collision.   
 
By extending the computational simulation for a wider range of conditions, the 
influence of the shear-lift force on the particle motion in flows with a strong velocity 
gradient for lower values of the Stokes number was demonstrated.  Particles of a 
lower density or smaller size are more strongly affected by the action of the shear-lift 
force.  For particle sizes smaller than 100 microns the simulations showed that the 
turbulent flow field had a significant effect on particle motion.  
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Chapter 7:  
FLOW DIVERSION STUDIES INSIDE A MULTI-PIN BUNDLE 
GEOMETRY 
 
In the previous 4 chapters, the effect of a ballooned pin geometry on the flow 
diversion of droplets was considered by tracking solid particle trajectories over a 
single ballooned pin inside an annulus geometry.  This chapter reports experimental 
and CFD studies of the diversion of the vapour phase within a 3×3 bundle geometry 
in which the central pin is ballooned.  The vapour flow was simulated using air.  
 
The experimental study is reported in Section 7.1.  Data were generated on the 
axial mass flow profile of the air (representing the vapour) in an outer sub-channel 
using a novel isokinetic probe sampling technique.  A simple analysis is then 
presented in Section 7.2.  The CFD computational modelling is described in 
Section 7.3; the CFD code STAR-CD was used to simulate the 3×3 experimental 
bundle geometry.  Finally, in Section 7.4, some brief conclusions are drawn. 
  
 
7.1 EXPERIMENTAL INVESTIGATION 
7.1.1 Experimental Setup 
The experimental bundle test section was designed to be incorporated into the existing 
LOTUS (Long Tube System) facility within the Department of Chemical Engineering 
at Imperial College London.  It is therefore important to briefly introduce this facility 
to provide some background information. 
 
7.1.1.1 Introduction to the LOTUS facility 
The LOTUS facility was originally built in 1960s at the UKAEA Harwell Laboratory 
in Oxfordshire, and the components were transported to Imperial College in 1992 to 
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be reconstructed in the Pilot Plant Laboratory.  The flowing media used in LOTUS are 
air and water, so that different flow regimes occurring within transient multiphase 
flow systems can be investigated in detail. 
 
 The LOTUS facility has an active length of 10.8 m (reduced from its original 
height of 19 m at the UKAEA Harwell Laboratory) spaced over four floor spans.  
Originally it contained a vertical 32.8 mm bore copper tubular test section as one of 
its major components.  During subsequent development work on the LOTUS facility 
carried out in 2008 as part of the MSc project of Maarof (2008), the original copper 
test section was replaced with a cast acrylic (Perspex
TM
) tube of an equivalent length.  
In order to achieve a similar effective length, 7 acrylic tubes were used to replace the 
original sections.  The 7 tube sections are 0.91 to 2.00 m in length, with an outer 
diameter of 45 mm and an inner diameter of 33 mm.  This modification enabled visual 
observations and filming of the flow pattern transition behaviour occurring in two-
phase flows.  Other modifications enabled vacuum conditions to be obtained at the 
outlet of the test section.  To achieve this, a vacuum pump was installed to create a 
two-phase flow of air and water under sub-atmospheric conditions.  
 
The final flowsheet of the LOTUS facility after implementing the design 
modifications is illustrated in Figure 7.1.  More extensive descriptions of the original 
LOTUS facility, details of rig modifications (including information of each of the key 
components on the new LOTUS facility) and information on the operating procedures 
(start-up and shut-down procedures under various experimental conditions) can be 
found in Maarof (2008). 
 
For the purposes of the experiments on ballooned pin geometries, several 
sections of the main test section were removed and replaced with the rod bundle 
section.  In Figure 7.1, the main air flow route is highlighted in red.  For the 
experiments discussed in this chapter, only the air supply is used.  The air is fed from 
the main college air supply via valve V34, and passes through a filter-regulator unit.  
It then passes via valve V43 through an orifice plate, designed to BS1042:1985.  The 
mass flowrate of air has a measurement error of ±0.0002 kg/s.  After measurement, 
the air feeds via valve V50 and control valve V52 into the main test section.  After 
passing through the main test section, the air is discharged into the atmosphere. 
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Figure 7.1: Flowsheet of the final LOTUS facility (from Maarof, 2008) 
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The design and experimental details of the 3×3 bundle test section connected 
to the LOTUS facility are described in the following subsections.   
 
7.1.1.2 Rod bundle geometry  
The 3×3 bundle geometry consists of two box sections, each containing an array of 
3×3 pins.  The box sections have been constructed out of acrylic resin (Perspex
TM
) 
sheets and sealed with Perspex
TM
 glue.  Each box section has an overall distance 
between spacer grids of 520 mm.  The dimensions, as shown in Figure 7.2, are in 
good agreement with the typical design characteristics of a PWR rod assembly (see 
for instance Ammirabile, 2003).   
 
 
 
                        (a)                                  (b) 
Figure 7.2: Schematic of a box section: (a) Side view; (b) Top view. 
 
To enable easy attachment of these sections to the existing LOTUS testline, 
circular flanges were used throughout.  The circular flanges were also made from 
Perspex
TM
 and a 50mm×50mm central square channel was designed to represent 
milled spacer grids (as shown in Figures 7.3 and 7.4).  At either end of the box section 
the spacers were constructed to hold the 3×3 array of rods in place.  The main 
parameters of the test section are listed in Table 7.1.  The grid arrangement was 
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chosen as the most convenient design to be compatible with the box section 
assemblies whilst still maintaining a large flow area for air to pass between the pins.   
 
 
(a) 
 
 
(b) 
 
 
Figure 7.3: Schematic of a spacer grid: (a) Side view; (b) Top view. 
 
 
Figure 7.4: Photograph of the spacer grid 
Flow channel 
 
 
Locating bolts 
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Table 7.1  Test section main parameters 
Overall Length (mm) 2000 
Box Inside Width (mm) 50 
Rod Diameter (mm) 9.5 
Pitch between rods (mm) 12.6 
Diameter at max ballooning (mm) 12 
 
 
 
 
 
 
 
 
 
Figure 7.5: Complete test section: (a) Schematic; (b) Photograph. 
 
Figure 7.5 shows the complete bundle assembly, which consists of two box 
sections and a flow transition section.  The bottom box section acted as a flow 
straightener to ensure that the flow is fully developed when it reaches the main test 
section, where measurements are made.  The bottom section contains an array of 3×3 
straight pins.  This was based on a design from the NNC (Ang, 1987), which was 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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previously described in Section 2.3.3.1 of the literature review.  The upper assembly 
is the main test section and contains a 3×3 array consisting of 8 straight pins and a 
central ballooned pin.   
 
7.1.1.3 Design and construction of isokinetic probe 
To measure the air flow in one of the peripheral sub-channels, a novel isokinetic 
probe method was implemented.  The isokinetic probe was designed to extract fluid 
from the sub-channel at exactly the rate at which the fluid was flowing in the absence 
of the probe.  These isokinetic conditions were achieved by adjusting the flow rate 
through the probe until equal pressures were obtained inside and outside the probe.  
By measuring the rate of extraction under these isokinetic conditions, the sub-channel 
flow rate could be determined.  Previous applications of the isokinetic probe principle 
are typified by the use of a single probe which is traversed across the flow field (i.e. 
pipe section) to obtain information about the local flow distribution (see for example 
Khor, 1998).  However, in the set of experiments described in this chapter the 
sampling probe occupies the entire cross section of one of the outer sub-channels; the 
probe was designed so that its open end was shaped into the cross-sectional shape (see 
Figure 7.6) of an outer sub-channel (green shaded area in Figure 7.7).  The probe 
could be moved axially along test section in the selected outer sub-channel to obtain 
information about how the averaged flowrate in that sub-channel changes due to the 
presence of the central ballooned pin.  It should be noted that although single phase 
sampling is performed for the purposes of these measurements, this sampling 
technique is equally applicable to two-phase flows.  A literature survey summarising 
work done using the isokinetic sampling method can be found in Khor (1998).   
 
For the measurements described in this chapter, the isokinetic probe faces 
directly into the oncoming flow and takes a sample of the fluid.  Essentially, the probe 
consists of three stainless steel (type 316) tubes (two small, 1/16 inch, pressure 
measurement tubes and one larger, ¼ inch, sampling tube) parallel to each other (see 
Figure 7.8).  Details of the dimensions of the probe tubes are presented in Table 7.2.  
The two smaller tubes were used to measure the impact pressure within the sampling 
probe and the local static pressure inside the test section (i.e. on the outside of the  
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Figure 7.6: Isokinetic probe 
 
 
Figure 7.7: Mass flows measured in green sub-channel 
 
 
 
Figure 7.8: Picture of isokinetic probe within the test section 
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sampling probe), through pressure tapping points, as can be seen in Figure 7.8.  The 
test section static pressure tube was connected into the hole on the outside of the 
probe tip to measure the mouth pressure, and the probe static pressure tube was 
connected into the hole inside the tip in order to obtain the probe pressure.  Isokinetic 
behaviour of the probe is achieved by balancing the pressures inside and outside the 
sampling probe tip (i.e. the probe static pressure and test section static pressures 
respectively).  When the two pressures are balanced, the velocity in the probe is 
ensured to be equal to the upstream velocity, i.e. the velocity that would have been 
obtained in the absence of the probe.  The third (larger) sampling tube is used to 
collect the flow entering the isokinetic probe and leads (via a valve) to a rotameter 
where the flow is measured.  The choice of the diameter for the main sampling tube 
used to extract the sample was determined based on the maximum flow area 
achievable so that the pressure drop inside the tube can be minimised. 
 
Table 7.2  Dimensions of the designed isokinetic sampling probe 
Tube 
Outer diameter 
(mm) 
Inner diameter 
(mm) 
Wall thickness 
(mm) 
Main sampling tube 6.35  5.75 0.30 
Wall static pressure tube 1.60  0.88 0.36 
Probe static pressure tube 1.60 0.88 0.36 
 
 
Principle of isokinetic probe 
 
Figure 7.9 demonstrates the principle of the isokinetic sampling probe in more detail.  
If the following assumptions are applied: 
a) total pressure (Ptotal) of the system is conserved, and  
b) the flow is incompressible, then 
 
 2 2 21 1 2 2
1 1 1
2 2 2
P u P u P u         (7.1) 
where Pi  is the local pressure measurement, ρ is the density of the sampled fluid, and 
ui   is the local velocity.  In this case, P1 and P2 denote the probe static pressure and 
wall static pressure respectively. 
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Figure 7.9: Schematic of isokinetic probe 
 
It follows that if, P1 = P2 then u1 = u2 (i.e. the velocities are equal).  This is the 
condition required to achieve isokinetic behaviour. 
 
However, if the fluid flow bypasses the probe and moves into the adjacent 
sub-channel, then the velocity immediately outside the probe (u2) increases and so the 
pressure in that sub-channel (P2) decreases.  Simultaneously the velocity in the mouth 
of the probe (u1) also decreases and consequently the pressure (P1) must increase, in 
this instance P1 ≠ P2.  It is therefore important to ensure that the pressures in the 
mouth of the probe and in the sub-channel are equal to each other so that the 
velocities can be considered to be equal.  The presence of the probe may then be 
considered to not affect the flowrate, i.e. a non-intrusive technique is achieved.   
 
7.1.1.4 Design and construction of the ballooned pin 
As described in Chapter 2, a number of factors influence the shape of a ballooned pin.  
In reality, the process of clad ballooning is essentially random and the shape of each 
pin is influenced by both itself and its neighbouring pins.  In this set of experiments, 
an idealised pin has been developed that is consistent with the degree of pin 
ballooning considered by Ammirabile (2003), as shown in Figure 7.10. 
21
2
totalP P u    
2
2 2
1
2
totalP P u   
2
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2
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Figure 7.10: Technical drawing of the ballooned section of the pin to be screwed in 320 mm 
straight section 
 
The ballooned pin used in this investigation consists of a 320 mm straight 
section at the bottom, followed by a 150 mm ballooned section (as shown in 
Figure 7.10), which has a maximum ballooned diameter of 12 mm (expanding from a 
typical fuel pin diameter of 9.5 mm), followed by a 50 mm straight section attached to 
the top of the ballooned section.  This gives an overall pin length of 520 mm.  The pin 
has been designed such that the ballooned section may be unscrewed and replaced 
easily.  This means that studies of the effect of different degrees of ballooning can be 
performed at a later stage.  It is also possible to change the position of the pin within 
the grid array. 
 
7.1.1.5 Design and construction of plate to choke the flow 
An obvious requirement for the operation of the isokinetic probe system is that 
the pressure drop along the bundle between the probe location and the gas exit must 
be at least equal (and preferably somewhat greater) than the pressure drop in the probe 
extract system under isokinetic conditions.  Even with a relatively large extract tube, 
this condition could not be achieved if the air was allowed to exit freely from the end 
of the bundle. Successful operation was achieved by fitting a throttling plate at the end 
of the bundle as illustrated in Figure 7.11.  
 
The throttling plate had 16 equal-sized circular holes (see Figure 7.11).  This 
includes 15 evenly spaced holes and 1 slightly offset hole to accommodate the 
isokinetic probe sampling tube.  The plate was fitted above the top spacer grid, and 
was securely bolted down with an o-ring in place to produce an air tight seal.   
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Figure 7.11: Final throttled outlet flange to choke flow at the top of the test section 
 
7.1.2 Experimental Procedure 
As previously mentioned, the completed bundle test section was connected to the 
LOTUS facility in the Chemical Engineering Department, as shown in Figure 7.12.  
The air supply from the LOTUS facility passes through a critical flow valve fitted to 
the bottom of the test section, and then up through the two consecutive box sections to 
ensure constant mass feed rates are introduced into the test section.  
 
As shown in Figure 7.12, an inclined manometer was used to equalise the 
probe static and wall static pressures and to ensure that the pressure difference 
between the sub-channel and probe mouth was zero, so that isokinetic conditions were 
achieved.  The manometer is shown in Figure 7.13.  It has a range of 4 Pa and can 
measure pressures to an accuracy of 0.1 Pa. 
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Figure 7.12: Picture of the apparatus connected to the LOTUS Rig 
Key to components: 1. 9-rod bundle test section; 2. Probe static pressure tube;  
3. Wall static pressure tube; 4. ¼ inch sampling tube; 5. Inclined manometer; and 6. Rotameter. 
 
 
Figure 7.13: The inclined manometer used to equalise the pressures inside and outside  
the isokinetic sampling probe 
○1  
○2  
○3  
○4  
○5  
○6  
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Measurements using the isokinetic probe were made at 10 specific axial 
locations progressing up the test section to provide a full mass flow rate profile of the 
sub-channel containing the probe.  The first 9 axial locations are evenly spaced, in 
50 mm increments.  The final sampling point is at the highest location at which the 
probe can be positioned (447 mm from the inlet of the upper box section).  An image 
of the isokinetic probe in a sampling position is shown in Figure 7.14.  Using the 
sampled flowrates at each axial elevation, the flow diversion effect due to the 
ballooned central rod could be determined.  
 
 
Figure 7.14: Photograph of the isokinetic probe placed at one sampling location 
 
After equalising the wall static and throat pressures the flow coming out of the 
top of the probe through the ¼ inch sampling tube was measured.  This was connected 
into a rotameter via a control valve, which was introduced to ensure the correct back 
pressure existed inside the test section in order to help with control of the pressure 
equalisation. The rotameter operated at near-atmospheric pressure; the volumetric 
flowrate at a specific location could therefore be estimated from the reading of this 
rotameter (after adjustment to the pressure at the location) with an error of ±1 l/min.  
As was indicated above, 10 such measurements were made along the test section for 
each inlet mass flow rate.  This process was repeated for 6 inlet mass flowrates within 
the range of 8.131×10
-3
 to 9.752×10
-3
 kg/s. 
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In order to ensure safe and reliable operation of the 9-bundle rig, detailed 
operation procedures covering the start-up and shut-down instructions have been 
carefully drawn up and are given in Section 5.2 of Appendix 5.  The overall test 
matrix is shown in Table 7.3.   
 
Table 7.3  Test matrix for the Bundle experiments detailing run numbers and their 
corresponding conditions 
 Inlet mass flowrate (kg/s) 
Axial locations: distance 
from the inlet into the top 
box section (mm) 
0.00514 0.00617 0.00713 0.00813 0.00912 0.00975 
37 Run031 Run021 Run011 Run001 Run041 Run051 
87 Run032 Run022 Run012 Run002 Run042 Run052 
137 Run033 Run023 Run013 Run003 Run043 Run053 
187 Run034 Run024 Run014 Run004 Run044 Run054 
237 Run035 Run025 Run015 Run005 Run045 Run055 
287 Run036 Run026 Run016 Run006 Run046 Run056 
337 Run037 Run027 Run017 Run007 Run047 Run057 
387 Run038 Run028 Run018 Run008 Run048 Run058 
437 Run039 Run029 Run019 Run009 Run049 Run059 
447 Run040 Run030 Run020 Run010 Run050 Run060 
 
 
7.2 ANALYSIS BASED ON CONSTANT SUB-CHANNEL MASS FLUX 
A very simple analysis (which gives indicative values for comparison with the 
measurements) can be performed by assuming that the mass flux of air is identical in 
all the sub-channels.  
 
Using the geometry described in Section 7.1, the continuity equation was used.  
Consequently the mass flowrate within the sampling region could be calculated given 
the mass flowrate inside the total flow area: 
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Local sub-channel mass flowrate = 
Area of sub-channel
Inlet mass flowrate
Total flow area at a specific axial location
  
 
The inlet mass flowrate can be found in Table 7.3.  The area over which 
isokinetic sampling takes place is known and a constant.  The total flow area at a 
specific axial location can be determined based on the local “fuel pin” diameters.  
Using this simple theoretical analysis, the validity of the results obtained from the 
experimental investigation can be evaluated.  This comparison between prediction and 
experiment will be presented in Section 7.4.1. 
 
 
7.3 COMPUTATIONAL MODELLING 
Having obtained sub-channel volumetric flowrate measurements inside a 9-pin bundle 
using an isokinetic sampling probe for the range of conditions considered, the test 
cases were then simulated using the Computational Fluid Dynamics code STAR-CD 
(version 4.06) supplied by CD-adapco.  In a similar way to the earlier flow diversion 
studies described in Chapters 3-6, the flow geometry of the computational model was 
matched to that of the experimental bundle test-section.  Again, air was used as the 
test fluid, which was introduced at the bottom of the geometry with the same inlet 
mass flowrates as those used in each of the experimental cases.  Specifically, all 
aspects of user-interaction, including pre- and post- processing, were handled by pro-
STAR.  The analysis was done with STAR, and the graphical interface STAR-launch 
was used to perform the analysis.  Again, this work was done in collaboration with 
Dr. Evgeniy Burlutskiy.  
 
In order to set up the mesh using STAR-CD, there are two key elements in the 
description of the mesh geometry: 
 
1. The definition of the overall size and shape of the domain; 
2. The sub division of the solution domain into a mesh of discrete finite, 
continuous volume elements. 
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It should be noted that the density of the mesh (the degree of sub-division) is 
directly related to the accuracy of the simulation.  However, evidently the finer the 
mesh, the longer it takes for the simulation to run.  For this reason there is an optimum 
mesh arrangement which employs the minimum number of cells that is still consistent 
with the accuracy requirements.  Localised mesh refinement may be performed in 
areas that the studies are most interested in.  For example the mesh created for these 
simulations is much denser around the ballooned section of the central pin where the 
flow diversion will be most pronounced and less dense prior to the balloon in the 
straight section of the pin where the flow is expected to be fairly uniform. 
 
Symmetry boundary conditions were set up as shown in Figure 7.15.  As 
presented in this figure, only one quarter of the rod bundle was simulated.  This 
method was chosen since it reduces the time required for a simulation to run.  The 
assumption for the symmetry boundary condition is that the flow diversion in this 
idealised bundle will be identical in each section of the bundle occupying a quarter of 
the overall flow area. 
 
 
Figure 7.15: Plan view of the computational topology 
 
For this set of simulations “flow-in, pressure-out” boundary conditions were 
used.  In other words, the inlet was defined to prescribe the flow conditions, where the 
distributions of mass flux (equivalent to the ones used in the experimental matrix) and 
fluid properties were defined.  It should be noted that the standard STAR-CD built-in 
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fluid properties of air were selected to be used in these simulations.  At the outlet, the 
gradients of all variables along the flow direction at the outflow surface are taken to 
be zero and the exit mass flow is fixed from overall continuity considerations.  A 
precise definition of the physical system geometry, material properties and flow 
conditions required to set up the simulation are summarised in Table 7.4.  
 
Table 7.4  STAR-CD input parameters 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For the simulations, the Reynolds number can be calculated using the 
following equation: 
 
 
4
Re
H
m
D 
  (7.2) 
where DH  is the hydraulic diameter for the geometry. 
 
 It should be noted the Reynolds number range corresponding to the range of 
conditions encountered in these simulation is 3819-7241.  Therefore a low-Reynolds 
k-epsilon turbulence model was used, as the high Re k-ε model is typically applicable 
only for Reynolds numbers above 10000. 
 
 
 
Number of mesh elements 
 
584200 
Turbulence Model Low Reynolds k-ε 
Fluid Air 
Fluid Density (kg/m
3
) 1.2 
Viscosity (kg/ms) 1.983×10
-5
 
Operating Temperature (K) 298 
Operating Pressure (barg) 1 
Inlet Velocity (m/s) 2.30-4.36 
Straight Rod Diameter (mm) 9.5 
Ballooned Rod Max Diameter (mm) 12.6 
Rod Length (mm) 520 
Test Section Dimensions (mm) 50 × 50 
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7.4 RESULTS AND DISCUSSION 
7.4.1 Comparison Between Constant Mass Flux Analysis and Experiments 
Figure 7.16 shows the comparisons between the analysis using mass balance 
calculations based on constant mass flux and the experimental data obtained using the 
isoketic probe sampling technique for 5 different inlet mass flowrate cases.  As seen 
in both the theoretical and experiments results, there is a clear change in the mass 
flow rate as a result of the ballooned pin.  It may also be observed from Figure 7.16 
that flow diversion increases with increasing flowrate.   
 
 
Figure 7.16: Comparison between mass balance calculations and experimental data  
 
In this plot, the ballooning starts at an axial location of 320 mm (where the 
mass flowrate begins to increase), and has the greatest diameter at 468 mm (where the 
mass flowrate is at its highest level).  From the mass balance calculations, the 
percentage change in mass flowrate between the straight section of the pin and the 
position of maximum balloon diameter was determined to be 2.3%.  These results 
may be expected, since when the flow reaches the ballooned section the area of the 
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inner channel reduces.  A result flow becomes diverted into the outer sub-channel, and 
so the velocity and consequently the mass flowrate increase in this channel. 
 
As seen in Figure 7.16, the experimental result for each case is in reasonable 
agreement with the mass balance prediction for the range of inlet flowrates covered 
(5.144×10
-3
-9.750×10
-3
 kg/s).  This provided verification of the accuracy of the 
experimental data and acted as a validation of the sampling technique used. 
 
7.4.2 CFD  Comparisons 
As mentioned previously, the experimental test cases were simulated using the CFD 
code STAR-CD (version 4.06).  For comparison, the flow geometry of the 
computational model was matched to that of the experimental test-section and the 
same boundary conditions were adopted as those used in the experiments.  The overall 
comparisons between the STAR-CD simulations and the experimental data are shown 
in Figure 7.17.  As will be seen, the STAR-CD predictions are in good agreement 
with the experimental data; the prediction of the effect of the ballooned central rod is 
better that that achieved assuming a constant mass flux (also shown in Figure 7.17 and 
labelled Zeng Model). However, for all the flowrate cases considered, it should be 
noted that the CFD simulations showed an upstream effect, in which an increase in 
flowrate was predicted slightly upstream of the beginning of the “fuel-pin” 
ballooning. 
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Figure 7.17:  Overall comparisons between the theoretical predictions, STAR-CD simulations 
and the experimental data against the ballooned-pin profile 
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7.5 CONCLUSIONS 
It is concluded that the isokinetic sub-channel sampling methodology is successful for 
determining the axial distribution of the outer sub-channel flow in a bundle with a 
ballooned rod.  The method could potentially be applied to two phase flow cases.  In 
the specific case studied (a 3×3 bundle with a ballooned central rod), the measured 
outer sub-channel flows were in good agreement with those predicted using the 
STAR-CD code. 
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Chapter 8:  
AN EXPERIMENTAL INVESTIGATION 
OF THE REFLOOD PROCESS 
 
8.1 INTRODUCTION 
In this Chapter, and in Chapters 9 and 10, an experimental study of reflood of a single 
hot tube is reported.  Though many such studies have been performed previously, it is 
believed that the experiment described here is unique in that axial view photography 
has been employed to study the droplet behaviour above the rewetting front.  This 
present chapter introduces the boiling facility and the associated instrumentation and 
Chapter 9 gives details of the axial view photography method used.  The results from 
the experiments are presented in Chapter 10. 
 
As described in more detail in Section 2.1.2, reflood phase of a PWR LB-
LOCA begins when the lower plenum is filled and the fuel elements start to rewet 
from the bottom upward.  A constant liquid head is maintained in the inlet annulus 
and excess Emergency Core Cooling System (ECCS) water overflows through the 
break.  It is therefore of crucial importance to understand the complex interactions 
occurring between the ECCS coolant and the hot reactor fuel rods, by obtaining 
transient heat transfer data and phase distribution information.  The present 
experimental investigation of the reflood process is therefore designed to examine the 
thermal-hydraulic effects occurring during the bottom-up rewetting process in the 
reflood phase.  This involves fundamental studies of the rewetting process itself and it 
is intended to enhance phenomenological understanding of the mechanisms. 
 
The previous work that has been carried out on reflood studies has already 
been introduced in Section 2.3.  One such example is the series of experimental 
investigations performed in the multipurpose thermal-hydraulic test facility, Transient 
Two Phase Flow (TOPFLOW) (Prasser et al., 2008), at Forschungszentrum Dresden-
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Rossendorf (FZD), in which wire-mesh sensors were used to characterize the 
dynamics of the gas–liquid interface in a vertical pipe flow.  In one of the more recent 
investigations, Prasser et al. (2008) used a wire-mesh sensor to obtain detailed 3-D 
data on the instantaneous flow structure at fairly high spatial (3 mm) and temporal 
(2.5 kHz) resolution.  Using this information, it was possible to calculate time or 
cross-section averaged void fraction profiles and bubble size distributions as well as 
other important flow and bubble characteristics (Prasser et al., 2001; 
Prasser et al., 2005).   
 
In the case of inverted annular boiling, Edelman et al. (1985) measured the 
volumetric void fraction distribution downstream of the quench front inside a vertical 
stainless steel tube with an outside diameter of 12.7 mm.  The measurement was 
achieved using a stationary gamma densitometer employing a narrow beam 
collimation (2 mm).  This meant that void fraction could only be determined within a 
2 mm central chord.  For this system the temporal resolution was also fairly low.   
 
In one of the earlier applications of flow visualisation techniques 
Costigan (1986) used neutron radiography to obtain high-temperature side-views of a 
series of single vertical tube reflood experiments.  For these experiments, the effect of 
reflooding rates in both upflow and downflow inside a 600 mm long stainless steel 
tube of 12.2 mm O.D. and 9.25 mm I.D were analysed.  A 9.25 mm tube was chosen 
since it was argued that this size best represented a standard fuel rod.  Typical flow 
patterns at reflooding rates of 2.5, 5.0, 7.5 and 10.0 cm/s respectively were studied.  
However, although the images produced were extremely enlightening, the spatial 
discrimination was not sufficiently clear to allow the behaviour of small or medium 
sized droplets to be observed.  
 
To fully understand the reflood mechanisms and continue to improve 
phenomenological modelling, a better understanding of the droplet size distribution 
and droplet entrainment and deposition processes is still required.  Temperature 
transient data and heat flux profiles are also considered to be extremely useful for the 
purpose of code validation.  For this reason, as part of the experimental investigation 
on reflood described in this chapter, axial temperature and heat flux profiles were 
recorded during the course of the transient process, extending the existing databank of 
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cases.  Simultaneously, a high-temperature, high-speed axial viewing technique has 
been designed and applied to observe the steam-water interactions and any pre-
cursory droplet formation and transport phenomena occurring immediately ahead of 
the propagating quench front during single-tube reflood experiments.  This technique 
has the advantage of providing a combination of higher spatial and temporal 
resolution than previously achieved using alternative methods.   
 
The background review and history of existing axial viewing techniques, and 
the details of the development of the novel high-speed high-temperature axial viewing 
technique will be presented in Chapter 9.  In this chapter, the experimental facility 
used to obtain these measurements is described in more detail.   
 
 
8.2 THE AXIAL VIEW REFLOOD (AVR) RIG 
8.2.1 Overview of the Boiling Facility 
The studies performed as part of this work were carried out on an existing pilot scale 
boiling facility located within the Department of Chemical Engineering at Imperial 
College London.  The core infrastructure and design of the boiling facility were 
adapted from a decommissioned United Kingdom Atomic Energy Authority 
(UKAEA) Harwell test rig.  The components were checked and tested before being 
integrated into this version of the boiling facility.  The construction and 
commissioning were jointly carried out by Pickering (1994) and Cheah (1995) and so 
further details regarding this facility can be found in their theses.  Guang (1996) 
subsequently added an evaporation and condensation rig to the main loop.  
Barbosa (2001) then introduced a nucleate boiling visualisation section.  The existing 
boiling facility therefore consisted of four experimental test rigs prior to the 
development of the reflood rig described in this chapter.  The overall flowsheet of the 
original boiling facility is shown in Figure 8.1.   
 
In order to accommodate the axial view reflood (AVR) rig, various 
modifications were made to the existing facility, including decommissioning of two of 
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the original test loops which were no longer required.  This meant the flow loops were 
consequently amended.  For comparison purposes, an overall flow diagram of the new 
boiling facility is illustrated in Figure 8.2, which currently comprises of three major 
test rigs: 
 
a) Sub-atmospheric evaporator (SAE) rig; 
b) Nucleate boiling visualisation rig; and 
c) Axial view reflood (AVR) rig. 
 
A photograph of the boiling facility is shown in Figure 8.3.  In this figure, 
some of the key components are highlighted, and they will be described in more detail 
in Section 8.2.2. 
 
As shown in Figure 8.3, the main AVR flow loop, and all the components 
within the loop (with the exception of the AVR test section) are insulated.  The AVR 
test section was not insulated because the experiments were designed to simulate the 
real LB-LOCA conditions as closely as possible and capture the transient reflood 
process.  The insulating material used is NMC insul-tube
®
 & insul-sheet
®
, which is a 
flexible synthetic rubber pipe insulation supplied by RS Components Ltd.  The 
material comes in a range of wall thickness (6mm-32mm) and bore sizes (6mm-
114mm) are available.  As a result, a number of different sizes were chosen to be used 
depending on the sectional diameter and local space limitation of the flow loop.  As 
the AVR test section was operating to a temperature up to 500 °C, a high-temperature 
insulating material (Superwool
®
 607Max blanket, 13 mm thick, supplied by RS 
Components Ltd.) was used to lag the components immediately surrounding the test 
section. 
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Figure 8.1:  Flowsheet of the original boiling facility (with four experimental test loops) 
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Figure 8.2:   Flowhseet of the new boiling facility (with the AVR test loop highlighted in red) 
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Figure 8.3:   Photograph of the AVR rig.   
Key to components: 1. Primary tank; 2. Pressure gauge; 3. i-SPEED 3 high-speed camera;  
4. Axial viewer; 5. Reflood test section; 6. Liquid inlet section; 7. By-pass line;  
8. Two-way valve YV49; 9. Primary pump; 10. Turbine flowmeter display;  
11. ILP-1 high intensity light source; 12. CDU for the high-speed camera;  
13. DC power supply; 14. Control unit. 
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8.2.2 Axial View Reflood Rig 
8.2.2.1 Main test section 
The experimental arrangement of the main AVR test section (labelled “Reflood Test 
Section” in Figure 8.2) is shown in Figure 8.4.  It consists of a vertical seamless high 
grade stainless steel (316) tube 2 m long with an outside diameter of 18 mm and wall 
thickness of 1.5 mm.  The tube was supplied by All Stainless Limited.  316 stainless 
steel was used throughout the construction of the AVR test section and its associated 
units such as the axial viewing section and the liquid inlet manifold.  This is because it 
has highly uniform material properties and is highly tolerant to high-temperature and 
is corrosion resistant.   
 
 
Figure 8.4:  Reflood test section of the AVR rig 
 
Axial visualisation is achieved by directly placing a high-speed camera on top 
of the axial viewer.  The camera films straight into the test section at a plane 
approximately 1 m ahead of the lens through two sapphire viewing windows.  
Illumination is provided from the bottom of the inlet section through a single sapphire 
window.  Each of the sapphire windows (supplied by Crystran Ltd.) is 18 mm in 
diameter, with a thickness of 4 mm.  In Chapter 9 the design and construction of the 
axial viewer and the optical arrangement are described in more detail.  This chapter 
describes the more general details of the test loop. 
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8.2.2.2 Test section heater 
The test section is electrically heated using two 10 kW DC power supplies (GEN-3U 
20-500) supplied by TDK-Lambda UK Limited (indicated as legend 13 in Figure 8.3).  
Each of these units has a rated output voltage of up to 20 V and an output current of 
up to 500 amps which is digitally tuneable.  These units are intended to act as generic 
power supplies for the boiling facility.  However, it was important to establish that the 
power supplies were fit-for-purpose for the AVR rig.  Basically, for the AVR 
experiments, the power supply must be capable of bringing the test section 
temperature up to the required value before the reflood starts.  Heat must be supplied 
to the test section to balance the losses from it due to natural convection and radiation.  
Calculations on these losses and on the possible maximum electrical input are given in 
Appendix 3.  As will be seen from this Appendix, the heat losses from the test section 
are dominated by radiation.  This is convenient since it implies that the test section 
temperature can be maintained along its length at reasonably constant value  
 
The actual output current and voltage required to heat up the test section to the 
desired initial wall temperature were determined from initial testing. These current 
and voltage combinations were recorded and then preset on the power supplies for the 
actual runs.  A safety cut-out level slightly above the required value was also set on 
the power supply to ensure that the test section could not be overheated. 
 
8.2.2.3 Flow loop  
The main charge of water in the experiment is held in the primary tank (see 
Figure 8.2), which is a stainless steel pressure vessel with a capacity of approximately 
400 litres.  The primary tank is situated 3 m above the ground and has a ¾ inch 
nominal bore, Schedule 10, ASTM 316 grade stainless steel pipe connecting the 
bottom of the tank to a screw type pump (primary pump).  Prior to running the 
experiments, the primary tank was completely emptied and the tank refilled with 
deionised water to around ½ of its capacity.   
 
The cooling water supplied by the primary tank is driven through the flow 
loop using the primary pump (manufactured by MONOPUMPS Ltd.), which is driven 
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by a single phase 0.37 kW electric motor.  The cooling fluid (deionised water) is then 
preheated to the desired temperature (80 to 20 °C corresponding to 20-80 °C of 
subcooling) using an electrical pre-heater (manufactured by ELTRON Ltd.), which 
includes two electrical cartridge heaters with a maximum power rating of 1 kW each.  
The pre-heater is operated thermostatically by controlling the temperature 
immediately after the pre-heater (T1, see Section 8.4.4) using the pre-heat controller 
on the main control panel (see Figure 8.4 in Section 8.4.1).  This heater presets the 
water temperature feeding into the main AVR test section.  
 
The inlet water flowrate is such as to give inlet velocities (reflooding rates) in 
the tube in the range 2.5-17.5 cm/s.  This flowrate is measured using the turbine 
flowmeter described in more detail in Section 8.5.2.  The flowrate is controlled using 
valves V2 and V3 (see Figure 8.2).  The rewetting front (i.e. point at which there is a 
transition from cold to hot tube surface temperature) travels at a velocity which is 
lower than the inlet water velocity.  The additional water is entrained into the vapour 
flow above the quench front where it can contribute to the cooling of the hot surface 
(precursory cooling).  The range of inlet reflooding rates was chosen as an extension 
of the work of Costigan (1986) (reflooding rates of 2.5, 5.0, 7.5 and 10.0 cm/s) and 
the RBHT experiments (up to 17.4 cm/s).  Though typical reflooding rates are 
generally much higher than 2.5 cm/s, this lower limit was chosen to cover pessimistic 
cases in design. 
 
In order to ensure safe and reliable operation of the AVR rig, detailed 
operation procedures covering the start-up and shut-down instructions have been 
carefully drawn up and are given in Appendix 5.  In the next section an overview of 
these procedures and the test matrix for the reflood experiments are presented. 
 
 
8.3 OPERATION OF THE AVR RIG 
In this section, the test matrix and experimental procedure for the full single tube, 
bottom-up rewetting experiments are described.  Specifically, the experiments were 
performed at atmospheric pressure and temperatures up to 500 C.  A test matrix 
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detailing run numbers and their corresponding conditions is presented in Table 8.1.  In 
order to conduct these tests, a two-stage experimental procedure was adopted as 
outlined below.  
 
Initially the reflood test section was Joule-heated to the required temperature.   
While this tube was being heated, the cooling water stream was directed through the 
bypass line, using valve YV49 (see Figure 8.2).  Once the desired temperature was 
achieved within the main test section, the power to the Joule-heating system was 
switched off.  The cooling water stream was then diverted from the bypass line into 
the reflood section by switching the two-way valve YV49.  Simultaneously, both the 
data acquisition system and the high-speed camera were triggered to record at 1 kHz 
and 500 frames per second respectively.  More details regarding the instrumentation 
used during these experiments can be found in Sections 8.4 and 9.2.2.  The step-by-
step experimental operating procedures (start-up and shut-down procedures, and 
operations in case of emergency) may be found in Section A5.3 of Appendix 5. 
 
As the quench front progressed upwards through the tube, temperatures were 
monitored at 9 equi-distant axial locations at a sampling rate of 1 kHz.  From these 
results, the velocity of the quench front advancement and the local heat flux can be 
determined for each experimental condition.   
 
For the test conditions described in this thesis, the camera was focussed at a 
plane around 1 m upstream of the axial viewer and provides detailed images of the 
quench front propagation, and any pre-cursory droplet production, deposition and 
entrainment occurring ahead of the quench front during this transient process. 
 
  
  
Table 8.1  Test matrix detailing run numbers and their corresponding conditions 
 
Tube temperature = 100 °C Inlet reflood rate (cm/s) 
Cooling water temperature (°C) 2.5 5.0 7.5 10.0 12.5 15.0 17.5 
20 ---- ---- ---- Reflood001 ---- ---- ---- 
Tube temperature = 200 °C Inlet reflood rate (cm/s) 
Cooling water temperature (°C) 2.5 5.0 7.5 10.0 12.5 15.0 17.5 
20 ---- ---- ---- Reflood002 ---- ---- ---- 
Tube temperature = 300 °C Inlet reflood rate (cm/s) 
Cooling water temperature (°C) 2.5 5.0 7.5 10.0 12.5 15.0 17.5 
20 Reflood004 ---- ---- Reflood003 ---- ---- Reflood005 
Tube temperature = 400 °C Inlet reflood rate (cm/s) 
Cooling water temperature (°C) 2.5 5.0 7.5 10.0 12.5 15.0 17.5 
20 Reflood007 Reflood008 Reflood009 Reflood006 Reflood010 Reflood011 Reflood012 
30 Reflood033 Reflood035 Reflood036 
Reflood031 / 
Reflood032 
Reflood037 Reflood038 Reflood034 
40 Reflood013 Reflood014 Reflood015 Reflood016 Reflood017 Reflood018 Reflood019 
50 Reflood040 Reflood041 Reflood042 Reflood039 Reflood043 Reflood044 Reflood045 
60 
Reflood020 / 
Reflood027 
Reflood021 Reflood022 Reflood023 Reflood024 Reflood025 Reflood026 
80 ---- ---- Reflood046 Reflood028 Reflood029 Reflood030 Reflood047 
Tube temperature = 500 °C Inlet reflood rate (cm/s) 
Cooling water temperature (°C) 2.5 5.0 7.5 10.0 12.5 15.0 17.5 
20 Reflood049 ---- ---- Reflood048 ---- ---- Reflood050 
2
6
0
 
2
6
0
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The next section will briefly focus on the safety features implemented on the 
AVR rig. 
 
 
8.4 SAFETY SYSTEM FOR AVR RIG 
The AVR rig was designed to operate at high temperatures.  The nature of the 
quenching process may also be potentially hazardous.  Therefore, in order to ensure 
safe operation of the rig, possible hazards associated with the AVR rig were identified 
during the design phase.  These are in accordance with a Hazard and Operability 
(HAZOP) methodology.  Necessary precautions and safety features were then 
implemented wherever possible to ensure safe operation of the rig. These features are 
described in this section.   
 
The whole safety system was fully tested during the commissioning stage and 
routinely tested and inspected thereafter.  Furthermore, standard operating procedures 
and contingency plans were developed as a major part of the risk assessment of this 
facility and these may be found in Section A5.3 in Appendix 5. 
 
The major hazards may be summarised as follows: 
 
i) Electrical; 
ii) High temperature; 
iii) Pressure 
iv) Steam generation. 
 
 These are considered in more detail below. 
 
8.4.1 Electrical Hazards 
The main power for the AVR rig is a three-phase 415 V electrical supply.  Because of 
the high power demands of the AVR facility, it was set up to run through a 64 A 
relay, which acts as a circuit breaker and trips out in case of potential faults occurring 
anywhere within the electrical circuit.   
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Figure 8.5:  Photo of the reflood rig power and control unit 
 
Other electrical components within the circuit are the primary pump (three-
phase, 415 V AC), water preheater (single-phase, 240 V) and the test section power 
supplies (see Section 8.2.2).  Electrical power to these components is controlled by 
the reflood rig power and control unit (see legend 14 in Figure 8.3 and Figure 8.5), 
which also runs through a 64 A relay, designed to trip out in the event of a fault or 
open-circuit. 
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The test section power supplies deliver a DC supply to the test section in the 
form of a low-voltage, high-current supply.  For the experiments described in this 
thesis, the DC power supplies are used to directly heat the wall of the test section to 
temperatures up to 500 °C.   The whole AVR flow loop is lagged with thermal and 
electrical insulation wherever possible to prevent inadvertent contact by an operator, 
as previously detailed in Section 8.2.1.  Furthermore, a number of temperatures at 
various axial locations along the AVR test section (T8, T10 and T12) and the 
preheater (inlet cooling water) temperature (T1) were monitored and connected to 
hard-wired interlocks on the main control panel.  The temperatures at which these 
trips activated could be individually set prior to operation.  If any of the temperatures 
rose above the preset trip values, the power supply would then automatically switch 
off, and the fault alarm activated.  The corresponding temperature display on the main 
panel would also exhibit an out-of-range fault. 
  
8.4.2 Temperature 
As previously mentioned, in order to prevent accidental burns the AVR flow loop is 
lagged with appropriate thermal insulating materials rated for the required operating 
conditions wherever possible.  Special precautions have been taken to ensure the 
measuring equipment (e.g. thermocouples) was also insulated to prevent the signal 
wires burning or melting.  A PTFE, non-flammable, spiral wrap was also used to 
further prevent the possibility of thermocouple cables coming into contact with a hot 
surface.  This precaution also reduces the risk of an operator accidentally tripping 
over a cable and injuring themselves or damaging the experimental devices. 
 
8.4.3 Pressure 
The axial view reflood experiments were carried out at atmospheric pressure.  Under 
normal operation, there should be no risk due to high pressure.  However, for 
additional safety, two safety relief valves, V21 and YV46 (see Figure 8.2) were fitted.  
A pressure gauge downstream of the AVR bypass line was also used to monitor the 
system pressure.  V21 and YV46 were set to vent at 1.5 and 1.3 bar absolute 
respectively.  If the pressure monitor indicated a pressure above 1.5 bar, emergency 
stop buttons could be pressed, which would switch off all power to the AVR rig.  In 
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addition, a number of check valves (YV47, YV48 and YV50) were installed to ensure 
that the fluids flowed in the correct direction to prevent potential pressure build-up 
within the system.  As a precaution against potential defects due to corrosion, the 
components of the valves are made from brass, bronze and gunmetal. 
 
8.4.4 Steam Generation 
As indicated in the description of the detailed design of the high-temperature axial 
viewing system in Section 9.2, the AVR rig has been designed to enable superheated 
steam to be used for heating if necessary.  However, for the matrix of experiments 
described in this thesis, external steam utilities were not used.  Instead, a hot air 
stream was used as the purge fluid.  Nonetheless, during the course of the axial view 
reflood experiments low grade steam was produced.  This low grade steam was not 
classified as a significant hazard, since its pressure is fully controlled and monitored 
by the pressure gauge and safety relief valves mentioned in Section 8.4.2.  This steam 
was condensed in a reflux condenser and the condensate returned to the primary tank.  
 
 
8.5 INSTRUMENTATION 
A number of measuring devices for the control and measurement of pressure, flowrate 
and temperature were fitted to the experimental flow loop of the AVR rig, as indicated 
in Figure 8.2.  Descriptions of this instrumentation and of the associated data 
acquisition systems are provided in this section.  
 
8.5.1 Pressure Measurement 
A pressure gauge located downstream of the AVR bypass line was used to monitor 
the system pressure, as shown in Figure 8.2 and indicated as legend 2 in Figure 8.3.  It 
has a range of -1.0 to 3.0 barg, with an error of ±0.05 barg. 
 
Further safety devices for pressure monitoring and control have been 
previously detailed in Section 8.4.2. 
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8.5.2 Flowrate Measurement 
The liquid flowrate in the feed line to the test section was measured using a turbine 
flowmeter.  It was controlled using valves V2 and V3. 
  
 
Figure 8.6: Schematic of the design of turbine flowmeter (Pelton Wheel Turbine NS500/063)   
 
The turbine flowmeter was supplied by Roxspur Measurement & Control Ltd. 
(Pelton Wheel Turbine NS500/063, Nixon Flowmeters Ltd.).  This specific device 
was chosen as it is operable at very high frequencies and is suitable for low flowrate 
applications on low viscosity fluids.  This is achieved because it consists a star-shaped 
paddle wheel within a metering plug containing a small jet hole so that a high velocity 
jet is imparted tangentially on the rotor.  Consequently, rotational speed and 
frequency are directly proportional to flowrate.  A schematic of the device design is 
illustrated in Figure 8.6.  It can accurately measure flows within the range of 0.18-
1.80 l/min. 
 
A totaliser within the FW series of digital indicators, also supplied by Roxspur 
Measurement & Control Ltd. (FW/110-PFLUIDWELL, Nixon Flowmeters Ltd.) was 
directly mounted to the liquid turbine flowmeter.  It has a pulse input and an analogue 
output within the range of 4-20 mA.  The totaliser has a large LCD display 
(40×90 mm), which clearly shows the liquid flowrate.  The combined flowmeter and 
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display unit can accurately display, with a measurement error of ±0.0018 l/min.  It 
was connected to the main AVR data acquisition system, which was set to log data at 
1 kHz.   
 
 
Figure 8.7:  Turbine flowmeter calibration against rotameter (R1)  
 
The flowmeter was calibrated against a rotameter (R1), which is located 
further upstream of the turbine flowmeter, as shown in Figure 8.2.  Rotameter R1 was 
previously calibrated by measuring the time taken to collect 20 kg ± 50 g of water at 
each graduation and the values obtained were in good agreement with those provided 
in the calibration chart provided by the manufacturer.  The calibration of the turbine 
flowmeter against rotameter R1 is presented in Figure 8.7.  The linear relationship 
between the readings of the turbine flowmeter and the rotameter provides a coefficient 
of determination (R
2
) of 0.998, which indicates that the trendline fit is very accurate. 
 
8.5.3 Temperature Measurements 
Two types of temperature measurements were employed for the transient reflood 
experiments: 
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1) Temperature measurement of the outer surface wall temperatures along the 
axial length of the test section, which is described in Section 8.5.3.1, and 
2) Temperature measurement of the bulk test fluid temperatures at the inlet and 
outlet of the test section, which is detailed in Section 8.5.3.3. 
    
8.5.3.1 Temperature measurements along the AVR test section 
For the outer surface wall temperatures, 18 “cement-on” fast response K-type 
thermocouples were used.  These are the Type II K Chromega
®
-Alomega
TM
 
thermocouples (model number: CO2-K) supplied by OMEGA.  They are 150 mm in 
length and are made from 0.013 mm thermocouple alloy foil.  Evidently 
thermocouples of this diameter are quite fragile, but they were chosen for their 
tolerance to high temperature operation and their small mass, resulting in extremely 
fast surface temperature measurement response time.  Specifically, they have a 
maximum guaranteed operating temperature of 540 °C for continuous operation over 
600 hours and 650 °C over 10 hours.  When “cemented” to the measuring surface, this 
type of thermocouple has a response time of 2 to 5 milliseconds, so that they have the 
fastest response of any thermocouples supplied by OMEGA.   
 
The thermocouple leads as supplied are uninsulated.  Therefore, in order to 
prevent the bare wires touching the uninsulated stainless steel test section, Alpha Wire 
uncoated fibreglass sleeving (supplied by Farnell) was placed over each of the 
positive and negative leads of each thermocouple.  This material is extremely flexible, 
and could be easily cut to the required length for the thermocouple leads to provide 
total electrical insulation.  Moreover, this sleeving material is rated for an operating 
temperature range of -60 °C to 648 °C so that it covers the operating range of the 
axial-view reflood experiments.  OMEGA K type flat pair glass insulated 
thermocouple extension cable (model number: GG-KI-30-300M) was used to extend 
the thermocouple leads so that they could be wired into the data acquisition board.  
This was achieved by directly wiring one end of the extension cable into the data 
acquisition board, and connecting the other end with the thermocouple foil leads via a 
pair of type SMPW glass filled nylon miniature connectors (model number: SMPW-
KI-MF) supplied by OMEGA. 
Chapter 8:  AN EXPERIMENTAL INVESTIGATION OF THE REFLOOD PROCESS 
 
268 
The thermocouples were carefully fixed along the test section at 9 equi-distant 
axial locations.  At each axial location, 2 thermocouples were positioned 180 ° apart 
on the outside surface of the test section.  Using these thermocouples, the transient 
temperature information at each location can be systematically recorded by employing 
a high speed data acquisition system supplied by OMEGA
®
 (PersonalDaq 3000 from 
the OMB-DAQ-3000 Series).   
 
The 150 mm uninsulated thermocouple foil leads are of 0.05 mm material, and 
are thus fragile.  As a result, special care was taken in handling these thermocouples at 
all times.  In addition, careful consideration of their mounting methodology was 
planned and tested prior to their final installation.  The final mounting method 
adopted is described in the subsequent sub-section.   
 
8.5.3.2 Thermocouple mounting method for test section surface measurements 
 
 
Figure 8.8:  Setup of wall temperature measurement 
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The method of mounting each thermocouple needs to ensure good thermal contact and 
full electrical insulation at the test section wall.  The final mounting method adopted 
is detailed schematically in Figure 8.8.  Photographs of the mounted thermocouples 
are shown in Figure 8.9.  
 
 
 
 
 
 
(a) (b) 
Figure 8.9:  Photographs of mounted thermocouples on the AVR test section:  
(a) Overview; (b) Close-up photo showing the mounting details. 
Key to components:  
1. Reflood test section; 2. Thermocouple mount; 3. Adhesive tape; 4. Cable sleeving. 
 
In order to ensure accuracy of the temperature measurements, good contact 
between the test section and the measuring tip of each of the thermocouples is 
required.  This was achieved by essentially sandwiching the thermocouple tip between 
two thin layers of thermal conducting paste onto the test section surface.  
OMEGABOND
TM
 600 high temperature chemical set cement, supplied by OMEGA, 
was chosen because it has a high service temperature (maximum service temperature 
○1  
○3  
○4  
○2  
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of 1426 °C), it is electrically insulating and it has a high thermal conductivity.  
Following this, a thin sheet of high temperature insulating tape was wrapped around 
the thermocouples, followed by a high temperature adhesive tape to further secure the 
thermocouples into position, as shown in Figure 8.8. 
 
To summarise, the following mounting procedure was adopted:  
 
1. Prior to mounting the thermocouples, the surface of the test section was 
thoroughly cleaned using an alcohol-based solvent to ensure perfect contact 
during chemical bonding. 
2. A thin layer of OMEGABONDTM 600 high temperature chemical set cement 
was applied on the thermocouple positions and allowed to dry.  This ensured 
that the leads are electrically insulated from the stainless steel surface of the 
test section. 
3. The thermocouple leads were laid on the dried cement layer at each position, 
and another thin layer of the cement was applied on top of each thermocouple 
tip.  The thermocouples were secured in position and the top cement layer 
allowed to dry. 
4. At each axial thermocouple location, a thin high temperature polyimide 
insulating tape (DuPont Kapton film) supplied by RS Components was used to 
wrap around the pair of thermocouples.  This was then secured with a high 
temperature adhesive tape supplied by Intertronics (model number: INT240). 
 
8.5.3.3 Water inlet and outlet temperature measurements 
The temperatures of the bulk test fluid (cooling water) at the test section inlet and 
outlet were measured using K type minerally insulated stainless steel (310) sheathed 
thermocouples supplied from RS Components (RS 397-1488).  These thermocouples 
have a probe diameter of 3 mm and a probe length of 150 mm, with standard 
miniature male plug connectors. 
 
 The fluid temperature thermocouples were directly fitted onto the AVR flow 
loop through a series of fittings, which consisted of a brass ¼ inch BSPP compression 
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gland with an ID of 3 mm (RS 381-7306) and a reducer.  For both thermocouples, the 
tip of the thermocouple probe was positioned to the centre of the pipe it was 
connected to.  The thermocouples were then sealed to the tube wall by tightening the 
fittings as necessary. 
 
8.5.3.4 Thermocouple calibrations 
For the wall temperature measurements, the complete temperature acquisition system 
(i.e. thermocouples, miniature connectors, extension leads and data logging system) 
was calibrated against direct readings using an OMEGA H509 hand-held logger for 
each of the thermocouples.  The necessary compensation factors were then noted and 
input into the data acquisition program.   
 
 
Figure 8.10:  Calibration of the K type thermocouple (RS Component) reading against mercury 
thermometer measurement 
 
For the water temperature measurements, the thermocouples were calibrated 
against direct mercury thermometer readings inside a hot water bath, in which 
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temperature was varied between 10 °C and 100 °C.  The calibration is presented in 
Figure 8.10.  The linear relationship between the readings of the thermocouple and the 
thermometer provides a coefficient of determination (R
2
) of 0.9998, which indicates 
that the thermocouple is measuring reliably. 
 
8.5.4 Data Acquisition 
For logging the measurements, a high speed data acquisition system (shown in 
Figure 8.11) was set up to systematically record temperature and flowrate 
measurements during each of the experimental runs performed within the AVR 
experimental matrix.  This system provides a consistent and non-tedious method of 
measurement recordings at high sampling rates. 
   
 
Figure 8.11: Photograph of the control unit and computer setup for the high speed data 
acquisition system  
Key to components:  
1. OMB-DAQ-3000 UBS output; 2. OMB-CA-179-x USB cable; 3. Acquisition PC. 
 
○1  
○3  
○2  
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As shown in Figure 8.11, the key components of the data acquisition system 
are a PersonalDaq 3000 from the OMB-DAQ-3000 Series with an OMB-PDQ30 
expansion board supplied by OMEGA
®
 (enclosed inside the reflood rig power and 
control unit), which is connected to a PC via USB2.  OMB-DAQ-3000 PersonalDaq 
3000 is a 1-MHz, 16-bit multifunction USB data acquisition module and OMB-
PDQ30 is an extension module for the main data acquisition unit.  It should be noted 
that the measurement speed of OMB-PDQ30 channels is the same as that for the 
OMB-DAQ-3000.  The extension module was connected to the OMB-DAQ-3000 unit 
via an OMB-CA-96 expansion cable.  This increased the total channel capacity of the 
OMB-DAQ-3000 Series Personal Daq USB Data Acquisition Module by adding an 
additional 24 differential analog inputs, resulting in 32 channels in total.  The OMB-
DAQ-3000 Series device was then connected to a USB port on the computer using an 
OMB-CA-179-x USB cable. 
 
The DaqView (Version 9.1.27) acquisition software, supplied with OMB-
DAQ-3000 PersonalDaq 3000, was installed and configured to drive the data 
acquisition system.  An example of its main window is displayed in Figure 8.12.  
From this figure, Channels P1 0-7 are from the main OMB-DAQ-3000 unit and the 
rest come from the OMB-PDQ30 expansion module.  Channel P1 4 was configured 
for flowrate measurement and the rest were set for temperature measurement.  Since 
20 channels are temperature channels, it was necessary for the acquisition program to 
read a cold-junction-compensation (CJC) temperature at every scan.   
 
It must be appreciated that a thermocouple does not simply measure the 
temperature at the measuring point, otherwise known as a junction.  Instead, it 
requires a differential measurement between the measuring junction and a reference 
junction.  For this reason, obtain accurate temperature measurement the cold-junction-
compensation method was adopted to adjust for varying temperatures at the 
instrument terminals.  It operates by simulating the potential effects of a thermocouple 
wire pair between the terminals, at the measured temperature, and another junction at 
a reference temperature of 0 °C.  With the OMB-DAQ-3000 system, there are three 
CJC channels per analog input terminal block, so when all 8 differential analog inputs 
were used, 6 CJC channels were included as part of the scan group.  For the OMB-
PDQ30 module, there are 6 CJC channels included as part of the scan group for the 14 
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differential analog inputs used.  To further reduce erroneous measurements, it should 
be noted that the control unit needs to be switched on around 60 minutes prior to 
logging data for the reflood tests.  This ensures that the acquisition unit, including the 
installed terminal blocks and thermocouple wires, has been warmed for at least 60 
minutes.  Consequently, this allows the unit to thermally stabilise so the CJC 
thermistors can accurately measure the junction at the terminal block. 
 
 
Figure 8.12:  An example of DaqView main window displaying a section of the sampling channels 
and cold-junction-compensation (CJC) setup 
 
Another method for increasing the accuracy of temperature measurement was 
to use as much oversampling as possible.  When enabled, oversampling is adjustable 
from 2 to 16384.  In theory, as the oversampling is increased the noise present in the 
readings is reduced.  However, a higher oversampling results in a reduced sampling 
rate.  When an oversampling of 32 was selected, the data acquisition system may only 
record at around 900 Hz.  As part of the commissioning tests, the effect of 
oversampling on measurement noise for our system was analysed.  A comparison 
between oversampling of 0, 16, 32 and 256 is presented in Figure 8.13.  An 
oversample of 16 and sampling rate of 1 kHz were chosen for the actual 
  
 
 
 
2
7
5
 
 
Figure 8.13:  Oversampling effect on measurement noise 
2
7
5
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measurements to optimise the balance between noise reduction and high sampling 
rate. 
 
The voltage signals from the flowrate (in V) and temperature (in mV) 
measuring devices were recorded using the data acquisition system, and the following 
general linear equation was then used to convert these measured voltage signals into 
actual physical values: 
 
 0 1y a a x   (8.1) 
 
The built-in correlation for K type thermocouples within DaqView software 
was used to convert mV into °C, and each channel was then calibrated as described in 
Section 8.5.3.4.  The measurement calibration curve for the turbine flowmeter 
(flowrate in l/min vs. flowmeter reading in V) gave 0a  and 1a  values of -1.0015 and 
0.5741 respectively.  The coefficient of determination (R
2
) was 0.9999. 
 
 
8.6 SUMMARY 
Using the instrumentation described, 50 experimental runs were conducted in total for 
the experimental matrix as shown previously in Table 8.1. In these experiments, the 
tubular test section was initially preheated to temperatures up to 500 °C and then 
quenched by introducing water at the bottom at atmospheric pressure.  During the 
course of this transient process axial temperature measurements at 9 axial locations, 
inlet and outlet water temperatures and the instantaneous inlet reflood rate were 
recorded at a sampling rate of 1 kHz.  Simultaneously, the axial viewing technique 
was applied at a recording rate of 500 fps.  A review of the use of the axial viewing 
technique for two-phase flow studies, and a description of the specific design of the 
high-temperature axial viewing system developed within the AVR rig are given in the 
next chapter.  Following this, sample results from the AVR experimental matrix and a 
detailed account of the analysis and conclusion from these experimental runs are 
presented in Chapter 10. 
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Chapter 9:  
AXIAL VIEWING TECHNIQUE 
 
Flow visualisation plays a fundamental role in developing an understanding of 
multiphase flow.  This chapter focuses on the axial viewing technique for 
visualisation of two-phase pipe flows and specifically on the application of this 
technique to the observation of the region above the rewetting front in the reflood of a 
single hot tube.  In this technique, the two-phase flow in a pipe is photographed along 
the pipe axis in a direction opposite to that of the flow such that the optical system is 
looking directly at the flow advancing towards the camera.  Images of the flow 
passing through an illuminated plane upstream of the outlet are obtained by focussing 
a movie camera through a viewing window placed at the end of the tube.  To prevent 
liquid droplets impacting on this window, a countercurrent gas flow (“purge”) is used. 
 
The axial viewing technique has received significant study as it is a non-
intrusive tool able to elucidate the complex phenomena occurring within multiphase 
flows.  The technique has the advantage of allowing one to study the circumferential 
distribution of liquid films in annular flows, the breakup and entrainment of droplets 
from a liquid film, and the radial motion of droplets in the gas.  Quantitative analysis 
of the photographs allows determination of the local radial velocity and flow rate of 
the entrained phase.  Information of droplet size distribution inside a specific pipe 
may also be obtained.  
 
9.1 BACKGROUND REVIEW AND HISTORY OF DEVELOPMENT 
The axial viewing method has been quite extensively used and a review can be found 
in Badie (2000).  This technique has been successfully applied at ambient conditions 
(i.e. atmospheric pressure and room temperature) for both vertical multiphase flow 
systems (Arnold & Hewitt, 1967; Hewitt & Roberts, 1969; Suzuki & Ueda, 1977; 
Whalley et al., 1977a and 1977b; Whalley et al., 1979; McQuillan et al., 1985; 
Govan et al., 1989; Lee et al., 1989; and Shibata et al., 1999) and for horizontal flows 
Chapter 9:  AXIAL VIEWING TECHNIQUE 
 
278 
(Fisher & Yu, 1975; Fisher et al., 1978; Mayinger, 1981; Azzopardi, 1987; and 
Badie, 2000). Using axial view photography, it has been possible to interpret many of 
the phenomena occurring in annular flows such as the mechanism of droplet 
entrainment and transport for horizontal annular flow (Azzopardi, 1987; Badie, 2000) 
and vertical annular flow (e.g. Whalley et al., 1979), film inversion in coiled tubes 
(Hewitt & Jayanti, 1992a), and flooding in counter-current annular flow 
(McQuillan et al., 1985; Govan et al., 1991).  The literature relevant to the axial 
viewing technique has been surveyed and is summarised in Table A.3 of Appendix 2.   
 
The main axial-view optical techniques can be classified as conventional axial 
view photography for visualisation with a small depth of field, the laser shadowgraph 
optical system using the parallel-light technique, and stereoscopic axial viewing 
systems.  A number of important designs that were studied in detail during the design 
phase of the high-temperature axial viewing system used for the studies of reflood 
process will be highlighted and described in more detail in the following sub-sections.  
 
9.1.1 Conventional Axial View Photography with Small Depth of Field 
The axial viewing technique was first developed at the UK Atomic Energy Research 
Establishment, Harwell.  A schematic of the original device (Arnold & Hewitt, 1967) 
is illustrated in Figure 9.1.  This was used in an air-water system in which the air flow 
was introduced at the bottom of a vertical pipe system and water was injected around 
the periphery, using a porous wall section.  The viewing devise was composed of a 
viewer, a vertical tube and a camera unit, which was used to capture the axial view of 
the flow inside the tube at frame rates of 2000-4000 per second.  As shown in 
Figure 9.1, the viewer was fitted on top of a vertical Perspex tube with an internal 
diameter of 1¼ inch (32 mm).   The main design features of this device were: 
 
(a) Minimum upstream disturbance of the flow during separation of the two-phase 
mixture issuing from the top of the column; 
(b) Keeping the flat viewing window clear of all impinging droplets by means of 
an air purge flowing tangentially across its surface and out through the 
viewing tube against the main flow direction. 
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Figure 9.1:  Axial viewer used by Arnold & Hewitt (1967) 
 
This device was later used by Hewitt & Roberts (1969) to investigate the gas-
liquid interface and the motion of droplets in annular two-phase flow.  Using the same 
basic facility at the UK Atomic Energy Research Establishment, Harwell, 
Whalley et al. (1977a; 1977b) made a few alterations to the setup of the axial viewer.  
These were:  
 
(a) an 8° tilt of the camera, and  
(b) a longer illumination length of 100 mm in contrast to the 6 mm used 
previously.  
 
The objective of Whalley et al. (1977a; 1977b) was to investigate wave 
phenomena in annular two-phase flows.  These modifications to the original design 
enabled the visualisation of the surface of a liquid film.  Moreover, the modified 
technique improved the quality of the visualisation of the entrainment mechanisms.   
 
Chapter 9:  AXIAL VIEWING TECHNIQUE 
 
280 
9.1.2 Laser Shadowgraph 
Whalley et al. (1979) carried out further axial viewing studies to follow the motion of 
droplets and to estimate the droplet velocities on the same facility, in which a parallel 
light technique was used.  The optical arrangement is shown in Figure 9.2.  A He-Ne 
laser was used as the light source of coherent light, which goes through a pin hole and 
onto a converging lens (B), forming a parallel beam of light.  The principle of the 
parallel light technique is that if the light beam is truly parallel, any object in the light 
beam will cast a perfect in-focus shadow with a size unaffected by its position in the 
beam.  In order for the parallel light technique to be employed, the original axial 
viewer (Figure 9.1) was modified and the revised.   
 
 
Figure 9.2:  Axial view arrangement with parallel light technique  
(from Whalley et al., 1979)  
 
 
The revised viewing section is shown in Figure 9.3.  A review of the optical 
methods developed at Harwell, including the various axial view systems, was given 
by Hewitt & Whalley (1980). 
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Figure 9.3:  Axial viewer used by Whalley et al. (1979) and McQuillan et al. (1985) 
 
 Following the work of Whalley et al. (1979), and using the viewing section 
designed by Whalley et al. (1979), a series of researchers have successfully applied 
the parallel light technique (McQuillan et al., 1985; Azzopardi, 1987; and Govan et al., 
1989), as summarised in Table A.3 in Appendix 2.  The parallel light optical 
arrangement used by McQuillan et al. (1985), Azzopardi (1987) and Govan et al. 
(1989) are illustrated in Figures 9.4, 9.5 and 9.6 respectively.  
 
As shown in Figure 9.4, McQuillan et al. (1985) combined parallel light 
illumination with multiple-coloured side-illumination.  This was achieved by 
wrapping successive transparent coloured films around the outside of the test section 
and using eight 1 kW lamps spaced evenly around the test section.  Using this 
arrangement, the axial position could be identified from the local coloration of the 
objects being viewed.  McQuillan et al. (1985) used this technique to observe and 
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photograph the flooding process in the counter-current flow of a falling film and 
upwards-flowing gas stream.  In the flooding process, large waves are formed on the 
falling film and these are swept upwards by the gas.  Flooding inside a vertical 
Perspex
TM
 tube was successfully observed by viewing axially along the tube from the 
top; the passage of the wavers from one zone to another could be followed by the 
change of colour of the upwards scattered light.  
 
 
Figure 9.4:  Optical arrangement used by McQuillan et al. (1985) 
 
 In annular gas-liquid two-phase flow the liquid travels partially as a film on 
the channel walls with the rest carried as drops in the gas core.  The experimental 
work of Azzopardi (1987) studied the exchange of liquid between the drops and the 
film for annular flow conditions occurring inside a horizontal acrylic resin tube.  
A camera speed of 4000 frames per second was used.  The droplet motion in the 
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cross-section was followed for drops diameters of 250 µm and above.  In the range of 
150-250 µm, drops could be followed from the motion of the diffraction rings formed 
by the drops. 
 
 
Figure 9.5:  The parallel light optical arrangements used by Azzopardi (1987) 
 
 
 
Figure 9.6:  The parallel light optical arrangements used by Govan et al. (1989) 
 
9.1.3 In-Line Axial Viewing System 
Based on the original idea reported by Hewitt & Roberts (1969), an axial viewing 
system was developed by Fisher & Yu (1975) in order to obtain more detailed 
visualisation of air-water flow patterns in horizontal flows.  It should be pointed out 
that all the in-line axial viewers described in this section were used to study horizontal 
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flow systems.  The Fisher & Yu (1975) system, as illustrated in Figure 9.7, was 
designed to be able to deal with horizontal flows and it could be placed at any point in 
a bank of horizontal tubes.  High speed cine techniques were used to record and 
analyse details of the two-phase flows. 
 
 
 
Figure 9.7:  Axial viewer developed by Fisher & Yu (1975) 
 
 
Continuing this work to investigate horizontal two-phase flow patterns, 
Fisher et al. (1978) developed a new axial viewer (Figure 9.8).  This was used in 
conjunction with film thickness and voidage probes to determine the boundaries 
between different flow patterns. 
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Figure 9.8:  Axial viewer used by Fisher et al. (1978) 
 
Based on the axial viewer design used by Fisher & Yu (1975), an in-line axial 
viewing system was developed by Badie (2000) and was commissioned on the WASP 
(Water, Air, Sand and Petroleum) high pressure multiphase flow facility at Imperial 
College London.  The design and photograph of the axial viewer are shown in 
Figure 9.9.  Design details of the air distributor are illustrated in Figure 9.10.  The 
purge system was designed to blow a purge air stream in the opposite direction to the 
main flow to keep the viewing tube window free of liquid. 
 
Using this viewing arrangement, the aim was to record axial images of two-
phase gas-liquid flows with low liquid loading.  It should be noted that the camera 
system used in the tests performed by Badie (2000) focussed on an illumination plane 
much further upstream of the diverted flow than in the previously highlighted studies.  
The application of the in-line axial view system demonstrated the important role 
played by the entrained liquid in low liquid-loaded flows. For a large pipe diameter, it 
was found that droplets provided the main mechanism responsible for the transport of 
the liquid to the top of the pipe.  
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Figure 9.9:  The in-line axial viewing system by Badie (2000): (a) Schematic of the basic design; 
(b) Photograph of the main body; and (c) Photograph of the complete system. 
 
(a) 
(b) 
(c) 
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(a) 
 
 
 
(b) 
Figure 9.10:  Sketches of the air distributor (from Badie, 2000): (a) Schematic and photograph of 
side view; (b) Schematic and photograph of front view. 
 
Using this in-line axial viewing system, over 32,000 digital images were 
obtained in order to study the effects of the superficial gas and liquid velocities on the 
phase distribution.  This enabled clear elucidation of the interfacial wave structure and 
the processes leading to the formation of droplets from these waves and the 
subsequent droplet motions during the entrainment process.  Sample results of air-oil 
flows at a superficial gas velocity of 15 m  s
-1
 and a superficial liquid velocity of 
0.01 m s
-1
 are presented in Figures 9.11-9.13 respectively. 
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Figure 9.11:  Representative images of air-oil flows at a superficial gas velocity of 15 m s
-1
 and a 
superficial liquid velocity of 0.01 m s
-1
 (from Badie, 2000) 
 
 
Figure 9.12:  Successive frames of air-oil flows at a superficial gas velocity of 15 m s
-1
 and a 
superficial liquid velocity of 0.01 m s
-1
 (from Badie, 2000) 
 
 
Figure 9.13:  Successive frames of air-oil flows at a superficial gas velocity of 15 m s
-1
 and a 
superficial liquid velocity of 0.01 m s
-1
 (from Badie, 2000) 
 
A typical mechanism of drop formation occurs when the liquid film becomes 
thicker at a particular location around the circumference, resulting in the formation of 
a bubble (“bag”) from this thicker part of the liquid film.  In Figure 9.11, the 
ballooning of the film layer may be clearly observed to produce a liquid filament 
before the bag ruptures, resulting in the creation of oil droplets which sprayed into the 
vapour core with a small transverse velocity.  This is the mechanism of “bag 
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breakup”.  Similarly, the ballooning of a large drop which had been previously 
thrown into the gas core by the action of the waves in the liquid layer is shown in 
Figure 9.12.  In this case, a ring filament is formed.  The filament then ruptures to 
produce smaller droplets, contributing to the entrainment of droplets.  The break-up of 
large droplets in the high speed gas core is shown in Figure 9.13.  In this case, large 
droplets are thrown into the vapour core by the waves in the liquid layer.  These 
unstable larger droplets then rupture into smaller droplets during this process.  
Collision of the smaller droplets in the turbulent gas core can also be observed. 
 
 These images clearly demonstrate the potential of an in-line axial view system 
for examining the types of processes likely to occur during a reflood test. 
 
9.1.4 Stereoscopic Axial Viewing Systems 
A stereoscopic axial viewing system (Whalley et al, 1977a) requires two viewing 
tubes.   The principle of this technique is illustrated in Figure 9.14.  It can be seen that 
the viewing tubes are arranged in such a way that the viewing directions of the two 
views intersect in the plane of illumination at a point close to the inner pipe wall.   
 
 
 
Figure 9.14:  Principle of the stereoscopic axial view technique (from Whalley et al., 1977a) 
 
The optical arrangement used by Whalley et al. (1977a) for the stereoscopic 
axial viewing system is shown in Figure 9.15.  The arrangement employed to keep the 
viewing windows clear of liquid droplets using air jets was similar to that used in the 
original axial viewer (illustrated in Figure 9.1).   
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Figure 9.15:  Optical system for stereoscopic axial view photography (Whalley et al., 1977a) 
 
Sample images obtained using this system are presented in Figure 9.16.  
Though some useful information was obtained using this technique, a number of 
problems were encountered with it.  Firstly it was difficult to ensure that both images 
were exactly in focus.  Whalley et al. (1977a) suggested that this was possibly due to 
slight differences in the two objective lenses.  Secondly, the use of the more complex 
stereo viewing head required both windows to be kept clear, and this proved to be 
difficult to achieve in practice.  Also, the very complex behaviour of the film and the 
large number of liquid droplets present in the frame made it difficult to identify the 
same feature in each image.   
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Figure 9.16:  Stereoscopic axial view photography (from Whalley et al., 1977) 
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9.2 HIGH-TEMPERATURE AXIAL VIEWING SYSTEM 
Despite the successful ongoing application of the axial viewing technique for 
multiphase oil-and-gas transportation systems, to-date there has been only very 
limited implementation of high-speed axial viewing in high temperature 
environments.  Axial visualisation can be potentially very valuable in the fundamental 
understanding of high-temperature multiphase flow systems as demonstrated by 
Figures 9.11-9.13.  Thus, in the present work, an axial viewing technique was 
developed for application to the visualisation of single-tube reflood studies on the 
axial view reflood (AVR) rig.  This system has been successfully commissioned as 
part of the AVR rig on the experimental boiling facility.  The key design and features 
of this system are described in the following sub-sections.  
 
9.2.1 Design 
The axial view system developed for the AVR facility is illustrated in Figures 9.17(a) 
and 9.17(b). The main challenges that were overcome in designing an axial view 
system capable of visualising flows in reflood at initial wall temperatures up to 
600 °C were as follows: 
 
1) To keep the flat viewing window clear of all steam produced during the 
rewetting process and any entrained and impinging droplets. 
2) To prevent condensation appearing on either side of the viewing window. 
3) To find a suitable material to ensure the viewer was properly sealed.  
Specifically, for this application, the sealing material needs to be able to 
withstand a high temperature steam-water environment of up to 600 °C.  
 
Taking into consideration these challenges, this viewer differs from the earlier 
low-temperature design of Arnold & Hewitt (1967) because it incorporates two sets of 
viewing windows with a hot fluid purge stream passing over both of them.  This 
arrangement was chosen to ensure that condensation does not occur on the inner 
window, which might otherwise potentially obscure the view. 
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(a) (b) 
Figure 9.17:  Schematic of the axial viewer: (a) Complete view; (b) Cross-sectional view 
 
As shown in Figure 9.17(a) there are three sets of stainless steel tubes 
connected into the axial viewer.  When viewed from the top downwards, these are:  
 
(a) Hot air lines: three 6 mm diameter stainless steel tubes; of the three lines, two 
are purge stream inlets and one is an outlet. 
(b) Purge steam lines: three 6 mm diameter stainless steel pipes; all three lines are 
inlets. 
(c) Steam-water outlet lines: three 15 mm diameter stainless steel pipes, which 
carry away the steam-water mixture coming out of the top the test section. 
 
An exploded version of the schematic of the axial viewer design is presented 
in Figure 9.18 to provide more details of the key design features.   
 
(b) 
(a) 
(c) 
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Figure 9.18:  Schematic of the axial viewer: exploded view 
 
In order to adequately address the challenges previously listed, the main 
design features of this device are as follows: 
 
1) The primary window section (legend 6 in Figure 9.18) enables a steam purge 
to be introduced into the main viewer chamber (legend 7 in Figure 9.18) via 3 
steam inlet lines.  The steam purge stream flows tangentially across the lower 
surface of the inner sapphire flat viewing window.  It then flows out through 
the viewing tube (legend 9 in Figure 9.18) against the main flow direction, to 
keep it clear of all steam produced from the rewetting process and any 
entrained droplets.  The purge stream then flows out of the viewing system 
with the main steam-water mixture through the 3 steam-water outlet lines. 
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2) The secondary window section (legend 1 in Figure 9.18) allows the 
introduction of a hot air stream, which flows tangentially between the upper 
and lower sapphire viewing windows in order to prevent condensation 
appearing on the „cold side‟ of the inner viewing window. 
 
3) Sealing materials.  Extensive research and consultation with available 
suppliers was conducted to find a suitable sealing material.  Conventional o-
rings are insufficient to cope with the temperature requirement needed for the 
reflood studies.  Even many of the o-ring materials that are designated “high-
temperature”, such as Kalrez® grade FFKM (perfluoroelastomers), can only 
withstand continuous operating temperatures of up to 315 °C and intermittent 
operating temperatures of up to 350 °C.  Most of the high-temperature sealing 
materials considered were ones widely used in applications involving 
combustion, such as furnaces.  Despite these materials being suitable for 
temperature demands, they are unsuitable for a steam environment.  Several 
materials (including an extruded high temperature gasket material from 
Deacon Industries Inc., Deacon 3300) were examined and rejected after a 
series of preliminary tests.  Other possibilities, such as Eritherm isolation 
materials from ERIKS and DURATEC® materials from Promat UK Limited, 
were able to withstand a service temperature of up to 1000 °C.  However, 
because these are hard materials like plastics and ceramic, they were 
extremely difficult to machine and they were not flexible enough to give a seal 
at a compression level low enough to prevent damage of the sapphire 
windows.  It was therefore finally decided to manufacture washers out of a 
Graphite SLS material sheet from Klinger to act as seals (legend 3 in 
Figure 9.18).  This is a pure exfoliated graphite with a stainless steel foil 
reinforcement for improved handling characteristics.  Some of the key features 
of this material including excellent resistance to steam, outstanding resistance 
to high and low temperatures, high compressibility and good leakage 
properties, make this material ideal for application on the reflood experiments. 
 
Using the design schematically illustrated in Figures 9.17 and 9.18, the high 
temperature axial viewer was manufactured, and photographs of the complete device 
are shown in Figure 9.19.  
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(a) (b) 
Figure 9.19:  Photograph of the axial viewer: (a) Top view; (b) Side view. 
 
9.2.2 Optical Arrangement 
In previous applications of the axial view technique, illumination has normally been 
from around the periphery of the tube (see Figure 9.1) though illumination using a 
laser beam passing up the tube has also been used for visualisation of droplet motion 
in annular flows (Hewitt & Whalley, 1980).  Again, several optical arrangements were 
considered for the high-temperature axial viewing system: 
 
1) Top illumination straight through the axial viewer into the test section.  In this 
case, illustration and visualisation are achieved from the same side.  It was 
anticipated that this could be achieved using a beam splitter cube, which is an 
optical device that splits a single beam of light into two.  In this case the beam 
splitter cube acts as a half-silver (one-way) mirror, which allows all the light 
from the illumination source to pass straight through, whilst simultaneously 
reflecting the image of the flow within the test section through 90° towards the 
camera.  This principle is illustrated in Figure 9.20.  
 
Unfortunately, preliminary tests of this optical arrangement demonstrated that 
it resulted in adventitious light scattering into the camera from the beam 
splitter.  It was initially believed that this problem could be resolved using 
parallel light illumination, using similar arrangements detailed in 
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Section 9.1.2.  However, subsequent experiments showed that it is extremely 
difficult to achieve truly parallel light beams.  After many trials, this optical 
arrangement was therefore rejected. 
 
 
Figure 9.20:  Schematic of top-illumination optical arrangement using a beam splitter 
 
 
2) Side illumination was also considered.  Clearly, in the present experiments, 
side illumination through the heated stainless steel wall was not feasible.  One 
idea was to install one or more sapphire windows within the wall of the test 
section at the focal point of the camera.  Light sources could then be 
positioned to shine through these windows, providing illumination into the test 
section.  However, in practice it is extremely challenging to properly seal these 
windows.  There is also the problem that the thermal shock occurring during 
reflood tests could fracture the windows.  Consequently, this idea was 
dismissed. 
 
3) Bottom illumination from the test section inlet combined with visualisation 
directly from the top of the test section was also considered.  In a series of 
pilot experiments, it was established that by using an intense light source at the 
bottom of the tube, sufficient light was transmitted (and scattered from the 
tube wall) to give adequate illumination of the focal region.  This illumination 
arrangement was therefore chosen to be the final arrangement used for the 
reflood experiments. 
 
 
Chapter 9:  AXIAL VIEWING TECHNIQUE 
 
298 
9.2.2.1 Light Source 
To provide the necessary illumination, the ILP-1 high intensity light source supplied 
by Olympus
®
 was used for the bottom illumination of axial viewing.  This system is 
shown in Figure 9.21.  The light source incorporates the latest Ultra-High 
Performance (UHP) lamp technology, making it the brightest, most powerful light 
source produced by Olympus to-date.  In addition, it has been specifically designed 
for large void inspections.   
 
 
Figure 9.21:  Photograph of the ILP-1 high intensity light source from Olympus
®
 
 
This source was then directly coupled to a standard Olympus liquid-filled light 
guide cable to enable transmission into the main flow loop, using the principle of total 
internal reflection.  In a similar way, within the main test section the light may be 
transmitted through the flowing steam-water mixture.   
 
In order to ensure that light travelled straight through the AVR test section, a 
bespoke bracket was designed to loosely hold the inlet liquid manifold into position at 
the bottom.  A holder for the liquid-filled light guide cable was then attached to this 
clamp, as shown in Figure 9.22.  This allows optimal alignment of the light with the 
test section. 
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Figure 9.22:  Photograph showing the positioning of the liquid-filled light guide cable 
 
9.2.2.2 Camera and Lens 
For the axial view experiments described in this thesis, the Olympus
®
 i-SPEED 3 high 
speed video camera digital imaging system was used.  Its dimensions are 112 mm (W) 
× 141 mm (H) × 341 mm (L) and it is 4 kg (including battery) in weight.  It is capable 
of capturing images at up to 150,000 frames per second (fps).  At frame rates up to 
2000 fps, the resolution is 1280×1024 pixels.  For the experiments described in this 
thesis a rate of 500 frames per second was used.  
 
In order to focus a sufficiently long distance ahead of the viewing section (~1 m 
upstream of the lens) to avoid outlet effects and ensure that the recorded image was of 
sufficient resolution to distinguish the droplet motion ahead of the quench front, a 
combination of an F-mount 70-300 mm F4-5.6 lens and a series of auto extension 
tubes was used.  Both items were supplied by Olympus
®
, and together, they act as a 
long-focus objective lens.  A photograph of the camera with the tube extenders and 
the lens used is shown in Figure 9.23. 
 
Prior to the experiments, the camera was set up and adjusted to focus at a 
distance approximately 1 m ahead of the lens.  Considering the AVR test section has 
an ID of 15 mm, by using this combination of lens and auto extension tubes, a 
1. Inlet liquid manifold 
for the test section 
 
2. Inlet manifold 
holding ring 
 
3. Light guide cable 
holder 
 
4. Liquid-filled light 
guide cable 
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significant magnification was provided to obtain an image with a useful amount of 
detail.  However, there are two generic drawbacks of using tube extenders:  
 
1) The amount of light required is significant, resulting in dim images, which 
requires careful pre- and post- processing of the images to overcome this 
problem.  The highest image quality has been selected on the camera.  In 
addition, increased brightness and contrast settings have been applied. 
2) The depth of field for which the image could be clearly in focus is 
significantly diminished.  However, a short depth of field provides an 
accurate identification of water droplet size distribution under each of the 
reflood conditions considered in this project.   
 
 
Figure 9.23:  Photograph of the lens and tube extenders 
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9.2.2.3 Camera Frame Design 
As mentioned in Section 9.2.2.2, the high speed camera is quite heavy, and it needs to 
be securely positioned above the axial viewing section of the AVR rig.  As a result, a 
frame was carefully designed and constructed that would hold the camera vertically 
above the axial viewer and to allow alignment with the viewing window.  Schematics 
of the frame are shown in Figures 9.24 and 9.25, and photographs of the frame with 
the high speed camera from various views are presented in Figure 9.26.  As shown 
from these figures, the camera support frame is attached to the main frame of the 
boiling facility to ensure minimum movement of the camera and lens combination.  
The camera is secured onto the backing plate, which can be adjusted for height and 
lateral positions in all three (x, y and z) orientations.  This ensures optimal alignment 
between the camera and the axial viewing section of the AVR rig so that that the 
camera can view directly into the test section.  
 
 
Figure 9.24:  Schematics of the AVR facility high speed camera frame (side view):  
(a) Without camera); and (b) With camera. 
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Figure 9.25:  Schematic of the AVR facility high speed camera frame (front view) 
 
Chapter 9:  AXIAL VIEWING TECHNIQUE 
303 
 
 
 
 
 
Figure 9.26:  Photographs of the camera frame with the high speed camera fitted onto it:  
(a) Side view; (b) Back view; and (c) Plan view. 
(a) 
(b) (c) 
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In the next Chapter (Chapter 10), sample axial image sequences of the reflood 
process obtained using this system will be presented.  Quench front velocity and heat 
flux information obtained during the course of this transient bottom-up reflood 
process will also be presented. 
 
 
Chapter 10:  QUENCH FRONT PROPAGATION IN A SINGLE TUBE REFLOOD: 
RESULTS AND ANALYSES 
305 
 
Chapter 10:  
QUENCH FRONT PROPAGATION IN A  SINGLE TUBE 
REFLOOD:  RESULTS AND ANALYSES 
 
In this chapter, sample results obtained on the Axial View Reflood (AVR) 
experimental facility are described.  Specifically, images obtained using the novel 
high-speed, high temperature axial viewing technique are presented for a range of 
transient test cases.  Temperature-time traces determined at various axial locations 
during the course of the transient, bottom-up rewetting are also presented, which show 
the spatial evolution of the wall temperature as the quench front advances. 
 
 
10.1 AXIAL VISUALISATION AND DROPLET SIZE DISTRIBUTION 
Typical visualisation results for initial test section wall temperatures of 200, 300, 400 
and 500 ° C are presented in Figures 10.1, 10.2, 10.3 and 10.4 respectively.  In all the 
cases shown, the quench fluid inlet temperature was of 20 °C and the inlet fluid flow 
velocity was 10 cm/s.  Each of these experiments is described in more detail below.  
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(a) t = 0.000 s (b) t = 0.02 s (c) t = 0.04 s (d) t = 0.06 s (e) t = 0.08 s 
     
(f) t = 0.10 s (g) t = 0.12 s (h) t = 0.14 s (i) t = 0.16 s (j) t = 0.18 s 
     
(k) t = 0.20 s (l) t = 0.22 s (m) t = 0.24 s (n) t = 0.26 s (o) t = 0.28 s 
Figure 10.1:  Sequence of images of droplet formations and motions at Uls = 10 cm/s, Twall = 200 °C, Twater = 20 °C 
Increased number of droplet 
formation 
Wavy liquid 
film 
Onset of droplet 
formation 
Droplet rebounds without 
touching the surface Droplet approaches hot surface 
Large droplet formation: 
~0.7 mm in diameter 
Small droplet formation: 
0.135 mm in diameter 
Droplets rolling along the surface 
  
3
0
7
 
 
     
(a) t = 0.000 s (b) t = 0.02 s (c) t = 0.04 s (d) t = 0.06 s (e) t = 0.08 s 
     
(f) t = 0.10 s (g) t = 0.12 s (h) t = 0.14 s (i) t = 0.16 s (j) t = 0.18 s 
     
(k) t = 0.20 s (l) t = 0.22 s (m) t = 0.24 s (n) t = 0.26 s (o) t = 0.28 s 
Figure 10.2:  Sequence of images of droplet formations and motions at Uls = 10 cm/s, Twall = 300 °C, Twater = 20 °C 
Droplet formation with a fairly 
large droplet size distribution 
Droplets rolling along  
the hot surface 
Large droplet:  
2.848 mm dia. 
Droplet deformation 
Droplet in contact with  
the surface 
Droplet evaporation and 
possible bag break-up 
Small droplet: 0.253 mm dia. 
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(a) t = 6.61 s (b) t = 6.63 s (c) t = 6.65 s (d) t = 6.67 s (e) t = 6.69 s 
     
(f) t = 6.71 s (g) t = 6.73 s (h) t = 6.75 s (i) t = 6.77 s (j) t = 6.79 s 
     
(k) t = 6.81 s (l) t = 6.83 s (m) t = 6.85 s (n) t = 6.87 s (o) t = 6.89 s 
Figure 10.3:  Sequence of images of droplet formations and motions at Uls = 10 cm/s, Twall = 400 °C, Twater = 20 °C 
Large droplet: 
~2.35 mm in dia. 
Small droplet: 
0.369 mm in dia. 
Droplet rebounds from the hot 
surface without changing shape 
Droplet deforms briefly (0.012 s) 
upon impact with the surface 
Droplet approaching the hot 
surface again Small droplet: 0.323 mm in dia. 
Droplet approaching the hot 
surface again 
 Third rebound from the 
hot surface 
Droplet approaching hot surface 
 Second rebound from the 
hot surface 
Smaller droplet stays  
much closer to the surface 
  
3
0
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(a) t = 7.68 s (b) t = 7.70 s (c) t = 7.90 s (d) t = 7.92 s (e) t = 7.94 s 
     
(f) t = 7.96 s (g) t = 7.98 s (h) t = 8.00 s (i) t = 8.02 s (j) t = 8.04 s 
     
(k) t = 8.06 s (l) t = 8.08 s (m) t = 8.12 s (n) t = 8.14 s (o) t = 8.26 s 
Figure 10.4:  Sequence of images of droplet formations and motions at Uls = 10 cm/s, Twall = 500 °C, Twater = 20 °C 
A cloud of tiny droplets A cloud of tiny droplets 
Fourth rebound from the 
hot surface 
Droplet rebounds from the hot 
surface without changing shape 
 Second rebound from the 
hot surface 
Formation of larger droplets Droplet approaching hot surface 
Smaller droplets stay  
much closer to the surface 
Third rebound from the  
hot surface 
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Figure 10.1 shows a reflood test performed at 200 °C.  It may be noted that 
during the course of the reflood a cloud of small droplets is generated ahead of the 
advancing quench front.  These droplets range in size from around 0.135 mm to 0.763 
mm in diameter, and become more apparent at around 0.22 s from the start of the 
image sequence (Figure 10.1(l)).  Some of these droplets are also highlighted in 
earlier frames to provide an indication of the droplet sizes relative to the test section 
diameter.  Specifically, 2 droplets (both approximately 0.7 mm in diameter and 
highlighted in red and yellow respectively) have been identified in this sequence and 
followed in Figures 10.1(g)-10.1(o) (0.12-0.24 s from the start of the image 
sequence).  It may be noted that the droplet highlighted in red rebounds from the inner 
surface of the heated test section without deformation.  It then traverses the pipe 
cross-section to the opposite wall with minimal deviation.  Almost simultaneously, the 
droplet highlighted in yellow travelled around the circumference of the hot tube (in an 
anticlockwise direction as viewed from above). 
 
In the test illustrated in Figure 10.2, the cooling stream was fed to the test 
section which, in this case, had an initial temperature of 300 °C.  In this case, the 
droplets had a larger diameter range than that observed at 200 °C; the droplets ranged  
in size from around 0.253 mm to 2.848 mm in diameter.  Clockwise circumferential 
movement of a number of large droplets (approximately 2.8 mm in diameter) may 
also be observed.  These drops appear to roll around the inner circumference of the 
heated surface, potentially resulting in local precursory cooling of the hot wall.  In 
particular, one of these droplets is highlighted in red from 0.18-0.22 s 
(Figures 10.2(j)-10.2(l)).  Deformation of this droplet occurs at 0.22-0.24 s 
(Figures 10.2(l)-10.2(m)) from the start of the image sequence.  From these images it 
is hypothesised that local vaporisation and bag breakup of the droplet may occur at 
around 0.24 s (as highlighted in red in Figure 10.2(m)), just before this droplet 
disappears from the field of view. 
 
For the case of an initial test section temperature of 400 °C (see Figure 10.3), 
a central liquid filament was identified ahead of the quench front at approximately 6 s 
after the cooling water flow was diverted from the bypass line into the test section.  A 
photograph of this liquid filament is presented in Figure 10.5.   
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Figure 10.5:  Sample image of central liquid filament for run Reflood006 
(at Uls = 10 cm/s, Twall = 400 °C, Twater = 20 °C) 
 
This observation is in good agreement with the side visualisation results 
obtained by Costigan (1986) using neutron radiography.  Vigorous interactions 
between the liquid filament, the entrained droplets and the steam flow were observed 
and a wide distribution of droplet sizes was apparent.  The dynamic liquid filament 
either broke down into droplets or ligaments which were then levitated by the vapour, 
and later became larger droplets.  The smallest identifiable droplets only stayed in the 
field of view briefly.  Due to their low inertia, these droplets were more significantly 
affected by the steam flow and were consequently rapidly transported upwards 
through the test section ahead of the quench front.  In contrast, the larger droplets 
remained in the field of view for a much longer period of time.  An example of this 
phenomenon is a droplet approximately 2.35 mm in diameter (highlighted in red) 
(Figures 10.3(a)-10.3(o)), which remained in focus throughout the image sequence 
shown in Figure 10.3.  During this sample sequence, the droplet rebounded 3 times 
within the 0.28 s time-frame.  Upon rebounding from the hot surface, the droplet 
traversed the pipe cross-section to the opposite hot surface.  At around 0.12 s from the 
start of the image sequence (Figure 10.3(g)), the droplet deformed for 0.012 s (i.e. 6 
successive recorded frames).  However, following this brief deformation, the droplet 
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rebounded from the hot surface with no significant breakup occurring.  In comparison, 
medium-sized droplets, such as the one highlighted in yellow (Figures 10.3(b)-
10.3(m)), were seen to rebound from the hot surface with a very small reflected angle.  
These droplets generally travelled in an anticlockwise direction via a series of droplet-
wall interactions.  
 
The case of a reflood test performed with an initial test section temperature of 
500 °C is shown in Figure 10.4.  It is possible to clearly identify an initial cloud of 
tiny droplets (0.103-0.258 mm in diameter), which are entrained within the upward 
steam flow moving ahead of the propagating quench front.  Once again, these tiny 
droplets stayed in the field of view very briefly due to their low inertia.  This cloud of 
tiny droplets was observed at approximately 7.68 s after the cooling water flow was 
diverted from the bypass line into the test section, and sample images are presented in 
Figure 10.4(a)-(b).  This phenomenon has not been observed for the cases of lower 
initial wall temperatures, performed with the same reflooding conditions (inlet reflood 
temperature of 20 °C and flowrate of 10 cm/s).  In contrast, larger droplets remained 
in the field of view for a much longer period of time.  In particular, a sample droplet 
0.876 mm in diameter (highlighted in red), shown in Figure 10.4(c)-10.4(o), travelled 
in and out of focus during these frames, although it could still be reasonably well 
identified.  This suggests that the droplet was very inertial and that the momentum at 
the upward turbulent steam flow just balanced the gravitational forces acting on it.  
Within the 0.58 s time-frame, the droplet rebounded 4 times during this sample 
sequence.  Upon rebounding from the hot surface, the droplet traversed the pipe cross-
section to the opposite hot surface, and no deformation of the droplet was observed.  
This is because the wall temperature is evidently too high to allow wetting to occur.  
Smaller droplets of up to 0.5 mm in diameter (highlighted in yellow and green) were 
seen to travel much closer to the surface.  These droplets rebounded from the hot 
surface with a very small reflected angle.  
 
Using results from the axial-view images, as shown in Figures 10.1-10.4, the 
range of droplet sizes encountered in each of the cases may be determined.  These are 
summarised in Table 10.1. 
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Table 10.1  Summary of droplet size distribution at each experimental condition 
Run 
Number 
Initial Test 
Section 
Temperature 
(°C) 
Inlet Liquid 
Temperature 
(°C) 
Inlet 
Reflood 
rate (cm/s) 
Droplet Size 
Distribution 
(mm) 
Reflood002 200 20 10 0.135-0.763 
Reflood003 300 20 10 0.253-2.848 
Reflood006 400 20 10 0.323-2.354 
Reflood048 500 20 10 0.103-0.876 
 
In general it may be noted that as the initial wall temperature increases from 
200 °C to 400 °C the smallest observed droplet size increases proportionally.  
However, for the initial wall temperature of 500 °C the smallest observed droplet was 
very small (0.103 mm).  
 
In order to help to explain some of these results and better elucidate the 
rewetting process, sample results of transient temperature measurements from the 
experimental matrix are presented.  
 
 
10.2 TRANSIENT TEMPERATURE MEASUREMENTS 
Using the instrumentation described previously in Chapter 8, transient temperature 
measurements have been obtained for the complete test matrix outlined previously 
(Chapter 8).  Two measurements were taken at each of the 9 axial locations (200, 400, 
600, 800, 1000, 1200, 1400, 1600 and 1800 mm away from the bottom of the test 
section respectively).  The average of the two measurements at each axial location 
was used for further processing (the difference between the two values was not large, 
indicating that the rewetting front was approximately circumferentially uniform).  
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10.2.1 Test  Section Temperature 
As previously mentioned, a two-stage procedure was adopted for all the runs.  
Initially the reflood test section was purged with hot vapour, and simultaneously this 
section was Joule-heated to temperatures up to 500 °C.  While this tube was being 
heated, the cooling water stream was directed through the bypass line.  During the 
first stage of the procedure, the tube temperature was monitored at all 9 measuring 
locations and they could be seen to steadily rise to the desired temperature.  Once the 
desired temperature was achieved in the main test section, the power to the Joule-
heating system was switched off.  The cooling water stream was then diverted from 
the bypass line into the reflood section.  As the liquid progressed into the tube, an 
audible „hissing‟ sound could be heard to accompany the quenching of the hot system.  
This is expected to be an indication of the dramatic cooling events occurring close to 
the rewetting front probably arising from intermittent contacts between the cooling 
water and the hot metal surface (the intermittent behaviour is likely to be similar to 
that observed in falling film rewetting by Pereira, 1998).  This intermittency may be 
interpreted as arising from explosive vaporisation (Ilyas et al., 2010).  Following a 
contact between the liquid and the hot surface, the interface between the solid and the 
liquid instantaneously reaches a temperature between that of the bulk liquid and solid 
phases.  This interface temperature then rises (primarily by conduction in the solid) 
until it reaches the homogenous nucleation temperature. At this point, explosive 
generation of vapour occurs, leading to rapid displacement of the liquid phase away 
from the surface.  This process continues in a cyclic manner until, after the contact 
between the liquid and the solid, the homogenous nucleation temperature can no 
longer be reached.  At this stage, the rewetting front can advance and the cyclic 
process continues in the new position.  It is believed that the noise generated during 
the reflood process may be ascribed to the explosive boiling process, though this 
needs further investigation. 
 
In order to better understand the axial visualisation results shown in 
Figure 10.4 (i.e. the case in which the test section had been preheated to 500 °C and 
the quench fluid had a nominal inlet temperature of 20 °C at a flowrate of 10 cm/s), 
the transient temperatures measured at the different axial locations are plotted in 
Figure 10.6.  This graph shows the evolution of the wall temperature at various times 
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during the reflood process.  A trace of cooling water feed rate is also plotted using the 
secondary axis of this figure for ease of comparison.  It should be noted that due to the 
heating mechanism of the Joule-heating method, the middle-section of the test tube 
reached the desired initial temperature more quickly than either end of the tube.  
Therefore, the initial wall temperature at the middle of the test section (Elevations 5 
and 6) was slightly higher than the temperatures at Elevations 1 and Elevation 9.  In 
order to clearly display the temperature traces at different axial locations, a 
normalised initial wall temperature was used for all the elevations.  This was done by 
taking the initial wall temperature value and normalising it to the specified 
temperature (500 °C in this case).  All subsequent temperature measurements were 
then ratioed in the same proportion. 
 
 
Figure 10.6:  Transient temperature measurements and reflood velocity against time for 
Reflood048 (at Uls = 10 cm/s, Twall = 500 °C, Twater = 20 °C) 
 
The instantaneous reflood velocity of the cooling water (at 20 °C in this case) 
was recorded at 1 kHz and plotted against time on the same graph.  A small initial 
jump in this reflood velocity can be seen in Figure 10.6 (at 4.12 seconds), and this 
indicates the time at which the two-way valve YV49 was switched from the bypass 
line into the test section. 
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The general nature of the temperature/time curves for a given point on the 
surface is illustrated in Figure 10.7.  After switching off the power supply at the 
beginning of the test, the temperature reduces slowly due to heat losses from the test 
section by radiation and natural convection (as shown by the red line in Figure 10.7). 
It was found that the rate of cooling as result of heat losses was not affected 
significantly by the (rather low) purge rates used ahead of the reflood.  Some time 
after water was injected into the tube, the wall temperature begins to fall more rapidly 
due to a precursory dry-wall cooling region.  Depending on the conditions, this region 
could be one of inverted annular flow or one of dispersed flow film boiling (i.e. heat 
transfer to a steam/droplet dispersion) (see Chapter 2).  When the rewetting front 
reaches the position of the thermocouple, there is a rapid decrease in temperature and 
the wall eventually cools to a temperature equivalent to that of the input water.  
 
 
Figure 10.7:  Comparison of transient temperature measurements for reflood case Reflood048 (at 
Uls = 10 cm/s, Twall = 500 °C, Twater = 20 °C)  
and cooling due to natural convection and radiation 
 
Experiments were carried out to establish the cooling curve of the test section 
in the absence of water injection and the results are shown as the extrapolated red line 
in Figure 10.7.  The results for the reflood case were found to be identical up to the 
onset of the precursory cooling zone.  
Natural 
convection 
and 
radiation 
Precursory 
Cooling 
zone 
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 Plots equivalent to those shown in Figure 10.6 have also been obtained for the 
other experimental conditions summarised in Table 8.1.  Here, only the results for an 
initial wall temperature of 400 °C are given since this set of experiments covers a 
complete range of inlet water temperatures and flowrates.  Specifically, a typical set of 
results from the runs performed with initial wall temperature of 400 °C, a nominal 
water feed temperature of 20 °C, and inlet water velocity ranging from 2.5 to 
17.5 cm/s is shown in Figures 10.8-10.14. 
 
As will be seen from Figures 10.8 to 10.14, the wall temperature decreases 
more rapidly with increasing inlet reflood rate.   
 
 
 
Figure 10.8:  Transient temperature measurements and reflood velocity against time for 
Reflood007 (at Uls = 2.5 cm/s, Twall = 400 °C, Twater = 20 °C) 
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Figure 10.9:  Transient temperature measurements and reflood velocity against time for 
Reflood008 (at Uls = 5 cm/s, Twall = 400 °C, Twater = 20 °C) 
 
 
 
Figure 10.10:  Transient temperature measurements and reflood velocity against time for 
Reflood009 (at Uls = 7.5 cm/s, Twall = 400 °C, Twater = 20 °C) 
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Figure 10.11:  Transient temperature measurements and reflood velocity against time for 
Reflood006 (at Uls = 10 cm/s, Twall = 400 °C, Twater = 20 °C) 
 
 
 
Figure 10.12:  Transient temperature measurements and reflood velocity against time for 
Reflood010 (at Uls = 12.5 cm/s, Twall = 400 °C, Twater = 20 °C) 
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Figure 10.13:  Transient temperature measurements and reflood velocity against time for 
Reflood011 (at Uls = 15 cm/s, Twall = 400 °C, Twater = 20 °C) 
 
 
 
Figure 10.14:  Transient temperature measurements and reflood velocity against time for 
Reflood012 (at Uls = 17.5 cm/s, Twall = 400 °C, Twater = 20 °C) 
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For an initial wall temperature of 400 °C, equivalent plots for experiments 
carried out with the other degrees of subcooling (i.e. at inlet cooling water 
temperatures of 30, 40, 50 and 60 °C) have also been obtained.  These are presented in 
Section A6.1 within the Appendices.   
 
10.2.2 Heat Flux Calculations 
It has become traditional to interpret the temperature curves in reflood in terms of a 
conventional boiling curve of heat flux against temperature (the classical Nukiyama 
curve (Nukiyama, 1934; 1966)).  Using the temperature information presented earlier, 
the heat flux was obtained by calculation since the surface heat transfer coefficient 
near the quench front cannot be measured directly.  By using a heat balance based on 
one-dimensional (axial) time-dependent analysis applied to a small section of tube 
used by Barnea (1994), the heat flux may be given by: 
 
  
2
2
w
w p w
qT T
k c
x d t

 
 
 
 (10.1) 
where wq  is radial heat flux, k, ρ and cp are thermal conductivity, density and specific 
heat capacity of the wall (stainless steel 316 in this case) respectively, and d is the 
wall thickness.  The physical properties of stainless steel are summarised in 
Table 10.2. 
 
Table 10.2  Thermal conductivity and specific heat capacity of stainless steel 316 at a range 
of temperatures (from Incropera& DeWitt, 2001) 
Temperature, T 
(K) 
Thermal Conductivity, k 
(W/m.K) 
Specific Heat Capacity, cp 
(J/kg.K) 
300 13.4 468 
400 15.2 504 
600 18.3 550 
800 21.3 576 
1000 21.3 602 
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This one-dimensional analysis was used, since it was considered that the axial 
conduction component is much larger than the radial conduction term.  In addition, 
even though the net radiation from the wall to the coolant is significant at high wall 
superheats (Chen et al., 1979), it is less than 1% of the total heat flux close to the 
quench front, and so this term is also neglected. 
 
 Equation (10.1) can be rearranged to give an explicit expression for the heat 
flux: 
 
  
2
2w w p w
T T
q k c d
x t

  
   
  
 (10.2) 
which can be solved numerically for the surface heat flux,  wq , at each time step of 
the measurement using the recorded temperature-time curves (Figure 10.6 and Figures 
10.8-10.14) to calculate the temporal and spatial derivatives.  A sample plot of the 
calculated heat flux distribution at a particular axial location (Elevation 6) for the run 
Reflood032 is shown in Figure 10.15.   
 
 
 
Figure 10.15:  Sample heat flux distributuion and heat transfer regimes  
(at Uls = 2.5 cm/s, Twall = 400 °C, Twater = 30 °C, Z = 1200 mm) 
TCHF TMFB Tsat TONB Tcr 
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This case has an initial wall temperature of 400 °C, inlet water temperature of 
30 °C and initial inlet velocity of 2.5 cm/s.  The reason for using this axial elevation 
(1200 mm away from the bottom of the test section) is that this elevation is at a 
similar axial position to the camera focal plane for the axial visualisations described 
previously.  Therefore, the surface heat flux distribution at this location is of particular 
interest to the present studies. 
 
As shown in Figure 10.15, at a fixed axial location, several heat-transfer 
regimes occur successively, resulting in a continuous change of the surface heat flux.  
It should be remembered that, for the given location, the curve starts from the right 
and moves leftwards in time.  Thus, in a time sequence, the heat flux is at first very 
low (corresponding to the initially hot dry wall) and then rises rapidly over a narrow  
range of temperature as rewetting takes place.  The heat flux then falls with reducing 
temperature as the rewetting front passes beyond the measurement point.  The curve 
shown in Figure 10.15 is so similar to the conventional boiling curve that it is 
tempting to consider the rewetting processes in terms of such a curve.  By analogy 
with the boiling curve, the following transition temperatures are noted on 
Figure 10.15:  
 
 The apparent temperature for the onset of nucleate boiling in the wetted zone 
(TONB) 
 The temperature at the maximum heat flux point which is analogous to the 
critical heat flux temperature (TCHF) 
 The temperature at which a rapid rise in heat flux occurs with a small 
reduction in temperature, this being analogous to the minimum film boiling 
temperature (TMFB) 
 
The saturation and critical temperatures of water are also shown.  Though one 
should be cautious about interpretation of the complex phenomena occurring in 
reflood in terms of the boiling curve, the representation of the results shown in Figure 
10.15 is rather striking and further curves of this type are presented in the discussion 
of parametric effects below 
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10.2.3 Parametric Effects 
There are a number of parameters which can influence the reflood process and a brief 
discussion is now presented of the following parametric effects:  
 
1) Initial wall temperature; 
2) Coolant flowrate; 
3) Coolant inlet subcooling; 
 
10.2.3.1 Effect of Wall Temperature 
From the experimental matrix, using temperature-time plots similar to Figure 10.6, the 
quench front velocities at each of the reflood conditions may be determined and are 
summarised in Table 10.3 for the cases where the input water flow rate and 
temperature were 10 cm/s and 20 
o 
C respectively.    
 
Table 10.3  Comparison of quench front velocity (at Uls= 10 cm/s, Twater = 20 °C) 
Initial Test Section 
Temperature (°C) 
Quench Front 
Velocity (cm/s) 
100 9.96 
200 6.80 
300 5.82 
400 4.56 
500 3.04 
 
 
As will be seen from this table and from Figure 10.16 the quench front 
velocity decreases with increasing initial test section temperature.  This is because a 
higher initial wall temperature leads to a greater rate of steam generation and to a 
larger proportion of the liquid phase being entrained and carried up the tube ahead of 
the rewetting front.  Consequently, at a fixed feed volumetric flowrate, the rewetting 
front advances more slowly for a higher initial wall temperature. 
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Figure 10.16:  Quench front velocity versus initial wall temperatures for a specific inlet reflood 
conditions (at Uls = 10 cm/s, Twater = 20 °C) 
 
The relationship between quench front velocity and initial wall temperature 
may be described using the following correlation: 
 
 
0.003
12.85 wall
T
qu e
  (10.3) 
 
10.2.3.2 Effect of Cooling Water Feed Rate 
Using the recorded temperature histories, as presented in Section 10.2.1, the effect of 
quench fluid feed rate on heat transfer may be studied.  By fixing the axial elevation, 
initial wall temperature and degree of subcooling, the temperature-time traces at 
various coolant inlet superficial velocities can be directly compared.  It should be 
noted that measurements obtained at Elevation 6 are shown in this section, which is 
an elevation close to the middle section of the test tube.  The reason for choosing this 
axial elevation (1200 mm away from the bottom of the test section) is that it is similar 
to the camera focal plane, at which axial visualisations were performed.  A sample 
plot is shown in Figure 10.17.   
 
This set of experiments was done with an inlet water temperature of 30 °C (i.e. 
70 °C subcooling).  This specific condition was chosen to be presented here, as it is 
the condition most similar to the temperature history results of Costigan (1986), 
which was performed with an inlet temperature of 27 °C and is also shown in 
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Figure 10.17 for comparison.  Similar plots for other inlet temperatures (20, 40, 50 
and 60 °C) can be found in Section A6.2 within the Appendices. 
 
 
 
 
 
 
Figure 10.17:  Temperature-time at various feed rates and fixed position 
(at Twall = 400 °C, Twater = 30 °C, Z = 1200 mm), and comparison with Costigan (1986) 
 
 
Figure 10.17 clearly demonstrates that similar trends to the results of 
Costigan (1986) were obtained.  However, a longer rewetting time was required for 
the reflood studies described in this thesis than it took for the experiments of Costigan 
(1986).  This is because the AVR rig has a much longer tube length (2 m with an 
effective heated length of 1800 mm) compared with the test section of Costigan 
(1986) (total tube length of 600 mm).  It may be observed from Figure 10.17 that a 
lower inlet water flowrate requires a longer cool-down time, which is in good 
agreement with the results of Chen et al. (1979).   
 
Increasing 
Uls 
Temperature histories at Z = 180 mm 
(Costigan, 1986) 
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Often, in the literature the reciprocal rewetting rate or inverted rewetting rate 
rather than the actual rewetting rate is presented.  Using the quench front velocity 
determined from the transient temperature measurements for each reflood condition, 
the inverted rewetting velocity can be obtained.  These inverted rewetting velocities 
are plotted against coolant inlet mass flowrate within the range of 4.41×10
-3
 kg/s to 
3.09×10
-2 
kg/s (corresponding to 2.5-17.5 cm/s) in Figure 10.18.   It may be noted that 
similar trends to the results presented by Piggott & Duffey (1975) were observed.  
However, results in Figure 10.18 only cover only a small part of the range covered by 
Piggott & Duffey (1975) who obtained data at much higher initial wall temperatures 
(700 °C).  For all the subcooling cases examined, the inverted rewetting velocity 
decreases with increasing coolant inlet mass flowrate.   
  
 
 Figure 10.18:  Inverted rewetting velocity against inlet mass flowrate in bottom rewetting at 
range of inlet subcooling 
 
The effect of inlet flow rate can also be examined in terms of boiling curves of 
the type shown in Figure 10.15.  The data were analysed in this form and the results 
are shown in Figure 10.19.  As will be seen, there is an increase of the maximum heat 
flux as the coolant flow rate increases. 
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Figure 10.19:  Heat flux-temperature at various feed rates and fixed position 
(at Twall = 400 °C, Twater = 30 °C, Z = 1200 mm) 
 
The maximum heat flux values from Figure 10.19 are plotted against the 
coolant inlet flowrate in Figure 10.20. 
 
 
Figure 10.20:  Maximum heat flux against coolant inlet flowrate at fixed position 
(at Twall = 400 °C, Twater = 30 °C, Z = 1200 mm) 
  
Increasing 
Uls 
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 From Figure 10.20, it is clearly observed that for a fixed initial wall 
temperature and degree of subcooling the maximum surface heat flux increases with 
increasing coolant inlet flowrate.  This trend may be described using the following 
correlation: 
 
 0.32490.3929w lsq u    (10.4) 
where the geometry (tubular) used in this investigation: 
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Again, it should be stressed that, though interesting, the representation of 
results from reflood experiments in terms of a boiling curve does not imply a close 
connection between the reflood process and the boiling curve obtained from steady 
state boiling experiments.   
 
10.2.3.3 Effect of Coolant Subcooling 
Using the temperature measurements presented earlier in Section 10.2.1, this section 
reviews the effect of coolant subcooling on the rewetting phenomenon.  When 
comparing different degrees of subcooling (20-80 °C), the inverted rewetting velocity 
generally seems to be enhanced with increasing water temperature, as clearly shown 
in Figure 10.21.   Consequently, it can be concluded that the higher the degree of 
subcooling, the higher the rewetting rate.   
 
Again, it is interesting to evaluate the effect of subcooling in terms of 
calculated boiling curves of the type shown in Figures 10.15 and 10.19.  Figure 10.22 
shows the temperature-time trace for various coolant subcooling values are a fixed 
feed rate.  Figure 10.23 then shows the equivalent heat flux time plot.  In these 
figures, a range of inlet water temperatures (20-60 °C) has been considered.  
Generally, the maximum value of heat flux increases with increasing subcooling as 
shown in Figure 10.24.  This is in agreement with the review of Groeneveld & Fung 
(1976). 
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Figure 10.21:  Inverted rewetting velocity against inlet water temperature 
 
 
 
Figure 10.22:  Temperature-time at various inlet water temperatures and fixed position 
(at Twall = 400 °C, Uls = 10 cm/s, Z = 1200 mm) 
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Figure 10.23:  Heat flux-temperature at various inlet water temperatures and fixed position 
(at Twall = 400 °C, Uls = 10 cm/s, Z = 1200 mm) 
 
 
 
Figure 10.24:  Critical heat flux against coolant degree of subcooling at fixed position 
(at Twall = 400 °C, Uls = 10 cm/s, Z = 1200 mm) 
 
 
Increasing 
degree of 
subcooling 
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10.2.4 Comparison with Predictions 
It is interesting to compare the present results with predictions from previous 
correlations.  Piggott & Duffey (1995) proposed a correlation to predict the quench 
front velocity as a function of the inlet mass flowrate and subcooling: 
 
  
4
0.153.25 10 1 4.5qu G T G
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 
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 
 (10.6) 
It should be noted that this correlation does not account for the initial wall 
temperature. 
 
 As previously highlighted in Section 2.3.2.2, Barnea et al. (1994) pointed out 
that this correlation over-predicts their experimental data by more than 100% in some 
cases.  However, the annulus experimental geometry of Barnea et al. (1994) has an 
inner diameter of 44.8 mm and an outer diameter of 54 mm, resulting in a much larger 
(approximately four times) flow area than both the experiments described in this 
thesis and those of Piggott & Duffey (1995).  This gave rise to much higher mass 
flowrates in Barnea et al. (1994), corresponding to similar coolant inlet superficial 
velocities. 
 
 In general, predictions from Equation (10.6) under-predict the experimental 
results for rewetting velocity described in this chapter, though the disagreement 
between measurements and predictions improves at higher inlet mass flowrate and 
subcooling, resulting in a discrepancy of 15%. 
 
 The correlation of Edelman et al. (1985) accounts for the effect of initial wall 
temperature for wall temperatures within the range of 400-800 °C: 
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         (10.7) 
In which the dimensionless temperature is: 
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 Despite this correlation having a seemingly simple approach, it yields fairly 
satisfactory results in predicting the present data for higher inlet velocities 
(≥ 7.5 cm/s); this is a similar finding to that of Barnea et al. (1994).  However, for 
cases with a very low inlet velocity this correlation tends to under-predict the 
experimental data.  Subcooling is also not accounted for in this correlation, and so the 
prediction of the experimental data of bottom rewetting tests with fairly high inlet 
coolant temperature may also be doubtful.  
 
 
10.3 CONCLUSION 
From the results presented in the previous section, it is clearly shown that: 
 
1) An increase in the cooling water feed rate leads to more rapid cooling of the 
test line for a fixed value of inlet subcooling.  The maximum heat flux also 
increases with coolant feed rate. 
 
2) As the coolant feed temperature increases at a fixed feed rate the cooling time 
increases.  The maximum heat flux also decreases. 
 
3) Correlations of quench front velocity generally under-predict the experimental 
data. 
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Chapter 11:  
CONCLUSIONS AND FUTURE WORK 
 
The work in this thesis has investigated three main areas, all related to phenomena 
occurring during a postulated Large-Break Loss of Coolant Accident and the resultant 
effects of clad ballooning.  These areas were as follows: 
 
1) An investigation of particle (simulating droplet) diversion due to a simulated 
ballooned pin;  
2) Experimental and computational studies of single phase flow diversion in a 
simulated 3×3 rod bundle in which the central pin is ballooned;  
3) An experimental study of phenomenological processes occurring during 
bottom-up reflood in a single-tube geometry. 
 
Sections 11.1, 11.2 and 11.3 present the key conclusions and the 
recommendations for further work on each of these topic areas.   
 
 
11.1 FLOW DIVERSION DUE TO A BALLOONED PIN 
This aspect of the work involved studies of entrained particle motion in an annulus 
geometry simulating droplet motion in a fuel bundle with a ballooned pin.  The 
geometry used was that of ballooned inner rod mounted in a concentric outer tube. 
The particle motion was observed using Particle Tracking Velocimetry (PTV) 
method.  The work on this area has been detailed in Chapters 3, 4, 5 and 6.  The key 
conclusions from this part of the work are given in Section 11.1.1 below and 
suggestions for further work in the area are given in Section 11.1.2.  
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11.1.1 Conclusions 
The following conclusions may be drawn from the investigations in this area: 
 
1) A complex test-section geometry has been designed to represent a fuel-rod 
bundle geometry with a central rod; simulating the case of a ballooned fuel rod 
within a nuclear reactor following a large-break Loss of Coolant Accident.  
For these tests precision-made cellulose acetate particles have been used to 
replicate the individual water droplets occurring in the reflood case.  These 
particles were specifically chosen to accurately represent the range of the 
droplet sizes likely to be encountered during LB-LOCA. 
 
2) Based on an extensive review of the background literature on particle tracking 
techniques, a novel automated 3-D particle tracking velocimetry algorithm has 
been developed and successfully applied to the measurement of air-particle 
flow around a “ballooned pin” within an annulus test-section.  Using this 
technique, single particles can be digitally identified in individual frames from 
high speed movies produced simultaneously at two mutually orthogonal 
locations.  By combining the resultant 2-D Cartesian trajectory plots, a full 3-
D cylindrical coordinate trajectory plot may be constructed for each particle.   
 
3) By applying the aforementioned PTV algorithm, a wide range of experimental 
conditions has been investigated.  Specifically, a large number of particle 
tracks were quantified over a range of flowrates and particle sizes.    
 
4) A selection of the experimentally-determined particle tracks have been 
calculated by simulating the flow and the particle motion within it using the 
CFD code STAR-CD.  Excellent agreement was obtained between the 
calculated tracks and the measured ones.  
 
5) By extending the STAR-CD computational simulation to a wider range of 
conditions, the influence of factors not covered in the experiments could be 
investigated.  For example, the influence of particle density and size was 
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evaluated over wide ranges.  It was shown that turbulent fluctuations began to 
exert a dominant role for smaller particles and lower densities.  
 
6) The predictions of particle trajectories within this system have been further 
improved by subsequently taking better account of the inelastic nature of 
particle-wall collisions.  Specifically, by using a restitution coefficient of 0.6, 
it has been found that after implementing these additions the particle trajectory 
predictions agree extremely well with the experimentally-determined 
trajectories before and after a particle-wall collision, as shown in Chapter 6.   
 
7) Having validated the Lagrangian tracking capability of the STAR-CD CFD 
code within a turbulent flow field by using a model experimental system, it 
may be concluded that STAR-CD can be successfully applied with greater 
confidence to the more complex geometries encountered in a PWR fuel bundle. 
 
11.1.2 Recommendations for Future Work 
The recommendations for future work on droplet (particle) diversion studies are as 
follows: 
 
1) The ballooned pin geometry is a model system for a postulated ballooned 
geometry.  The effect of a range of different degrees of flow blockage (up to 
90% blockage) should be examined by using alternative ballooned pin designs.   
 
2) Consideration should be given to investigating larger concentrations of particles 
(so as to observe particle-particle interactions) and to use seeding particles to 
allow simultaneous PIV (for gas phase flow measurements) and PTV 
measurements to be made.  
 
3) To more realistically represent the droplet transport processes occurring during 
reflood, a range of particle sizes should be introduced to the test section and 
tracked simultaneously. 
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4) The existing STAR-CD models should be extended to more accurately 
represent larger particle concentrations and a range of particle sizes.  
 
 
11.2 VAPOUR FLOW DIVERSIONS INSIDE A 9-PIN BUNDLE 
This aspect of the work investigated the process of vapour flow diversion as a result 
of diameter variations in a simulated central ballooned pin within a 3×3 bundle 
geometry.  The work on this focus area has been presented in Chapter 7.  In what 
follows, the key conclusions are given in Section 11.2.1 and suggestions for future 
work are presented in Section 11.2.2.  
 
11.2.1 Conclusions 
The following conclusions may be drawn from the investigations of vapour flow 
diversion inside a 9-pin bundle: 
 
1) A complex, 9-pin geometry has been constructed in which the pin diameter, 
pitch between the rods and distance between spacer girds directly reflect those 
used in a full scale PWR bundle system.  This simulated rod arrangement has 
been specifically designed to incorporate a ballooned pin at various positions 
within the 3×3 array in order to enable vapour flow diversion to be studied for 
a diverse range of conditions.   
 
2) For the case of a central ballooned pin within the 3×3 array, a novel isokinetic 
sampling probe has been designed, commissioned and implemented in order to 
provide detailed quantitative measurements of the amount of vapour diverted 
into the outer sub-channel.  This isokinetic probe is able to traverse the sample 
sub-channel in the axial direction, thus providing direct axial measurements of 
the volumetric flow of the vapour diverted as a result of the central ballooned 
pin. 
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3) By implementing a simple material balance over the rod bundle array, 
reasonable predictions of the effect of pin ballooning have been obtained.  The 
analytical results clearly show an increase in the diverted vapour flow in the 
location of the ballooned part of the central rod.  This closely reflects the 
experimental trends, both qualitatively and quantitatively.  The model also 
provides verification of the accuracy of the experimental data and helps to 
validate the sampling technique employed. 
 
4) A fairly close estimate of the flowrate variation in the outer sub-channel is 
obtained by assuming a constant mass flux in the bundle cross section. 
Moreover, a representative geometry has been constructed using the STAR-
CD CFD code, and by employing similar boundary conditions to those used in 
the experiments, accurate predictions (up to ±4%) of the experimental data 
have been produced.  
 
11.2.2 Recommendations for Future Work 
The recommendations for future work are as follows: 
 
1) To represent the vapour flow conditions within a rod bundle more accurately, 
a larger range of inlet mass flowrates should be implemented.    
 
2) The geometry of the ballooned pin should be altered to enable the study of 
different degrees of blockage with up to 90% restriction considered. 
 
3) The position of the ballooned pin should be altered to provide a larger data set 
for further code validation.  Subsequently, the effect of multiple ballooned 
pins should be examined. 
 
4) To date, only vapour flows have been considered within this system.  It would 
be beneficial to introduce a two-phase vapour-liquid flow, which is more 
representative of the reflood process occurring in a reactor system.  The 
isokinetic collection device could be used to obtain local flows of both phases.  
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11.3 INVESTIGATION OF SINGLE-TUBE REFLOOD 
This aspect of the work focussed on the investigation of macroscopic phenomena 
occurring during a bottom-up rewetting process as described in Chapter 8, 9 and 10.  
Specifically, a parametric analysis for a wide range of flow conditions and initial wall 
temperatures has been performed.  The effects of a number of influential factors have 
also been examined.  The key conclusions from this work are given in Section 11.3.1 
and suggestions for future work in this area are presented in Section 11.3.2.  
 
11.3.1 Conclusions 
The following conclusions may be drawn from the investigations of single-tube 
reflood: 
 
1) An experimental test rig (the Axial View Reflood rig) has been designed to 
sustain high temperature environments up to approximately 600 °C.  It has 
been constructed to accommodate a novel section for axial visualisation of the 
rewetting process at these extreme conditions.  The design has been 
successfully constructed and subsequently implemented into an existing flow 
boiling facility.    
 
2) Based on an extensive literature review on the background and design of 
previous low-temperature axial viewing systems, a novel high-speed high-
temperature axial viewing technique has been developed to operate in a 
severe, high temperature environment.   
 
3) By using this novel system, axial visualisation of the precursory droplet 
formation, entrainment and deposition processes occurring ahead of the 
propagating quench front have been successfully carried out for temperatures 
up to 500 °C at a recording rate of 500 fps.  From the results obtained, it may 
be noted that the smallest observed droplet size increases proportionally with 
initial wall temperature, for initial wall temperatures up to 400 °C.  However, 
when the wall temperature is further increased to 500 °C, a cloud of droplets 
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was formed, prior to formation of larger droplets.  The smallest observed 
droplet in this case had a diameter in the region of 100 μm. 
 
4) Fast-response thermocouples have been securely attached onto the outer wall 
of the test section by developing a new mounting procedure to ensure good 
thermal contact and full electrical insulation between the thermocouple tip and 
the test section surface.  Using these thermocouples, high-frequency 
measurements of axial test section temperatures at 9 axial elevations have been 
successfully performed.  All these measurements and the instantaneous inlet 
reflood rate have been successfully recorded at a sampling rate of 1 kHz. 
 
5) Using the data set obtained over a wide range of flow conditions, it has been 
observed that an increase in either the inlet cooling water flowrate or the 
degree of subcooling leads to more rapid cooling of the test line.  However, 
the extent of the subcooling effect is relatively small. 
 
6) By performing calculations using a one-dimensional (axial) time-dependent 
analysis combined with information determined using the transient 
temperature measurements obtained from the experimental matrix, radial heat 
flux information has been derived.  The results have shown that at a fixed axial 
location, several heat-transfer regimes occur successively, resulting in a 
continuous change of the surface heat flux.   
 
7) Comparison with several predictions of the quench front velocity using 
correlations proposed by previous researchers (Piggott & Duffey, 1995; 
Edelman et al., 1985) has been conducted.  It has been found that these 
correlations of quench front velocity generally under-predict the experimental 
data. 
 
8) The coupled results from simultaneous axial viewing of entrained droplets and 
transient temperature measurement along the test section have suggested that 
macroscopically these droplets produce an insignificant precursory cooling 
effect. 
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11.3.2 Recommendations for Future Work 
The recommendations for future work are as follows: 
 
1) In the experimental work performed to date, the test section was only 
preheated to temperatures up to 500 °C.  However, the system has been 
designed to deal with higher temperatures.  Further bottom-up rewetting 
experiments should be conducted for the range of flow conditions covered by 
the experimental matrix for the work performed to date, but at higher initial 
wall temperatures. 
 
2) For axial visualisation, the impingement of liquid onto the viewing window is 
prevented by using a countercurrent gas flow (“purge”) to protect the window.  
For the matrix of experiments described in this thesis, preheated air has been 
used as the purge fluid.  However, the AVR rig has also been designed to be 
purged with superheated steam.  In order to better represent the typical 
environment expected to be encountered in a PWR reflood process, the 
experimental matrix should be repeated using superheated steam as the purge 
fluid. 
 
3) When analysing the heat flux information, an initial peak in heat flux has been 
detected prior to the rewetting process taking place for all the experimental 
cases presented.  The details of this trend should be further investigated. 
 
4) An improved model should be used for the determination of heat flux. 
 
5) Alternative test-section materials such as Inconel-600 should be investigated. 
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APPENDICES 
Appendix 1:  List of Bottom Reflooding Experiments 
 
Table A.1  A summary of bottom reflooding experiments with water 
REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Cadek, 
Dominics 
and Leyse 
(1971) 
 
Cadek & 
Cermak 
(1972) 
PWR-FLECHT: 
 
Two rod bundles consisting of 49 and 
100 rods respectively in a 7×7 and 
10×10. Square array. 
Pitch: 14.3 mm (square) 
Rod OD: 10.7 mm 
Heated length: 3.66 m 
Cladding thickness: 1.7 mm 
703- 
1473 
9-105 
5.36-28.7 
g/s 
1 : 6.2 
 
 
 
 
Stainless 
Steel 
Zircalloy 
• Simulation of reflooding a PWR 
after loss of coolant accident. 
• Transient heat-transfer 
coefficients and clad temperatures 
at different axial and radial 
locations. 
• Flow blockages also simulated. 
Andreoni & 
Courtaud 
(1972) 
Annulus  
heated rods in unheated tubes:  
 
(1) 20 mm OD, Solid rod,1.0 mm long, 
30 mm ID; 
 
(2) 20 mm OD, Solid rod, 3.6 mm long, 
30 mm ID; 
 
(3) 10.2 mm OD, 1.0 mm thick, 4.0 mm 
long, 20 mm ID. 
673- 
1173 
20-90 9-90 g/s Atm 
 
 
 
Stainless 
Steel 
 
 
Stainless 
Steel 
 
Inconel 
• Some visual studies. 
• Quenching times determined for 
various conditions. 
• Heat transfer coefficients ahead of 
the wetting front have been 
estimated. 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Campanie & 
Pozzi (1972) 
Rod bundle consisting of 21 rods (9.8 
mm OD, thickness: 0.37 mm, length: 
1.184 m) on a 12.9 mm square pitch. 
Shroud tube: 77.8 mm ID. 
1127-
1533  
0.9-1.54 
g/s 
Atm 
 
 
Inconel 
• Quenching times determined for 
various conditions. 
• Specially defined mean heat-
transfer coefficients for the test 
section were also estimated.  
Thompson 
(1972) 
Rod bundle consisting of 18 heated rods 
and a heated central support rod 
(CANDU design). 
Tubes OD: 19.7 mm 
Heated length: 1.95 m 
Clearance between heated rods: 0.76mm 
323- 
923 
28 -95 
4.15- 
28.6 g/s 
1 : 2.5 
Stainless 
Steel 
• Bundle-inversion and forced-
reflooding tests. 
• Quenching times determined for 
various conditions. 
• In some experiments, the heated 
bundle was lowered into the liquid. 
• Dry side heat transfer coefficients 
were determined. 
Riedle & 
Winkler 
(1972) 
 
(1) Bundle consisting of 340 rods on a  
14.3 mm square pitch. 
Rod OD : 10.75 mm 
Heated Length: 2.985 m 
Wall thickness: 1.0 mm 
(2) Single tube, wetting inside:  
13.8 mm ID, 0.6 mm thick 
 
921 25-65 
75-136 
g/s 
1-6 
 
 
 
 
 
 
Inconel 
• Quenching times determined for 
various conditions. 
• Results obtained on heat transfer 
coefficients ahead of the quench 
front. 
Martini & 
Premoli 
(1972) 
Tube with wetting inside: 
21 mm ID, 2.0 mm thick, 4.0 m long. 
In some tests, a 13.5 mm diameter rod 
was inserted inside the heated tube to 
form an annulus (external surface 
heated only). 
649-
950  
0-60 68 g/s 
Atm 
 
 
Atm or 4.7-
20 
Stainless 
Steel 
• Quenching times determined for 
various conditions. 
• Two quench fronts always 
observed at high pressures. 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Case, Riedle 
and 
Schneider 
(1973) 
Annulus with heated centre tube of 
length 0.5 m: 
15 mm OD, 1.0 mm thick, 30 mm ID; 
 
15 mm OD, 1.0 mm thick, 30 mm ID; 
 
15 mm OD, 1.0 mm thick, 22 mm ID. 
   Atm 
 
 
SS 
 
Copper  
 
SS 
• Visual observations made. 
• Temperature measurements made. 
• Quenching times determined for 
various conditions. 
• Different heat transfer regions 
were inferred on the dry side. 
Duffey & 
Porthouse 
(1973) 
Annulus of  heated centre tube mounted 
concentrically inside a Pyrex tube 
(filled with magnesia): 
a) 6.27 mm OD, 0.5 mm thick,  
20 mm ID (flow area of 283 mm
2
); 
b) 12.5 mm OD, 0.85 mm thick,  
20 mm ID (flow area of 191 mm
2
); 
c) 12.5 mm OD, 0.85 mm thick,  
25 mm ID (flow area of 368 mm
2
); 
d) 13.12 mm OD, 1.5 mm thick,  
20 mm ID (flow area of 179 mm
2
). 
573-
1073 
80 
Constant 
water 
flows 
 
0.1-30 
g/s 
Atm 
 
 
 
SS 
SS 
SS 
Silica 
• Bottom and top reflooding tests 
performed with emphasis on quench 
front propagation. 
• Some visual observations. 
• Rewetting time measured. 
Griebe & 
McConnel 
(1973) 
BWR-FLECHT: 
 
7×7 rod bundle simulating BWR/5 
bundle (filled with Nichrome/MgO): 
Pitch: 18.75 mm (square) 
Rod OD: 14.5 mm 
Thickness: 3.66 mm 
 38  Atm 
Stainless 
Steel 
• Includes steady-state reflooding 
and combined bottom reflooding 
and spray-cooling tests. 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Andreoni, 
Courtaud 
and Deruaz 
(1974) 
Tube: 
13.7 mm diameter 
3.275 mm thick 
573, 
973, 
1273 
20, 50, 80  1, 3, 6 Inconel 
• Test section placed in 40 mm ID 
tube; difficulty in assessing losses. 
Farmer 
(1975) 
Heated tubes: 
 
15.9 mm OD, 0.71 mm thick; 
 
16.3 mm OD, 1.8 mm thick. 
 
573-
1073 
0-70 1-200 g/s Atm 
 
 
SS 
 
SS 
• For saturated water, the bottom 
flooding data agree well with 
falling film data when compared on 
a basis of flow velocity. 
• For subcooled water flows, the 
dependence on flow velocity and 
subcooling is much stronger than 
that exhibited by falling films. 
Piggott & 
Duffey 
(1975) 
Fuel pins with no filler, or filled with 
BN, MgO or UO2.  
A heated pin was mounted vertically 
within a silica tube. 
 
Heated tubes: 
10.7 mm OD, 0.63 mm thick, 0.5m long; 
10.7 mm OD, 0.77 mm thick, 0.5m long; 
12.8 mm OD, 0.85 mm thick, 0.2m long. 
973 85 
0.5 : 20 
g/s 
1 
 
 
 
 
Zirc. and 
SS 347 
Zircalloy 
Inconel 
• Quenching of irradiated fuel pins. 
• Bottom and top reflood tests – 
brief comparison is made between 
falling film and bottom flooding 
rewetting. 
• Effects of surface roughness on 
quenching rate observed. 
Piggott & 
Porthouse 
(1975) 
 
Annulus: 
Outer: 25 mm ID Pyrex tube; 
Inner: magnesium-oxide filled heater 
rod, 12.7 mm dia., 0.85 mm thick  
 
973 20-86  Atm 
 
 
Inconel 
• An empirical model is proposed 
including the effects of subcooling. 
• The available data at elevated 
pressures have been reviewed in 
order to establish a correlation for 
rewetting. 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Guerrero et 
al. (1976) 
Rod bundle (5×5 square array): 
Heated section: 9.7 mm OD, 3.81 m long 
 
Single tube: 
Heated section: 12.7 mm OD, 1.25 mm 
thick, 3.81 m long. 
    
 
 
 
Incoloy 
800 
• Simulation of a PWR blowdown. 
• Similar results for single tube and 
bundle 
Peterson et 
al. (1976) 
PWR core simulator system 
(semiscale), 40 electrically heated rods. 
Cladding tube:  
10.75 mm OD, 5.257 m long. 
866 : 
1033 
22 : 77 
2.25 : 4.5 
cm/s 
1.3 : 5 
 
 
Stainless 
Steel 
• Attempt at determining the heat 
transfer coefficients. 
• Comparison of data. 
Quigley, 
McMonagle 
and Bates 
(1977) 
12 electrically heated rods in a 2×6 
rectangular array within a stainless steel 
flow housing.  
Rods: 0.475 in (12.1 mm) diameter, 
0.575 in (14.6 mm) pitch.  Heated 
length = 4 ft (1.219 m). 
Spacers at the beginning, midpoint 
and end of the heated section. 
 
83-86.9 
(inlet 
temperature 
in the range 
of 55.6-
62.6 °F) 
0.045 or 
0.100 m/s 
(0.164 or 
0.327 ft/s) 
4.137 
(60 psia) 
Stainless 
Steel 
 
 
 
• Comparable flow conditions in the 
radial blanket of a Liquid Metal 
Fast Breeder Reactor (LMFBR). 
• First known attempt to apply the 
laser Doppler anemometer (LDA) 
velocity measurement technique to 
mixed free and forced convection in 
rod bundle flows. 
Naitoh, 
Chino and 
Ogasawara 
(1977)  
Rod bundle (7×7 square array, heated 
rods): 
4800 mm long, 3600 mm heated length. 
  
Jet pump bypass: 
53.1 mm ID, opening 2400 mm above 
the bottom of the heated region. 
683-
893 
40-68 
29-60 
l/min   
• Simulation of reflooding a BWR 
under loss of normal coolant 
conditions. 
• Pressure difference, bundle power 
and surface temperatures recorded. 
• Heat transfer during the 
intermittent cooling period analysed 
and compared with other data. 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Yu, Farmer 
and Coney 
(1977) 
 
Heated tube: 
15 mm OD, 0.71 mm thick, 1 m long 
 
573 : 
1073 
0 : 70 
1 :250 
g/s 
1 
Stainless 
Steel 
• Determination of the rewetting 
velocity. 
• Determination of correlations. 
Groeneveld 
& Gardiner 
(1978) 
Heated tube: 
11.1 mm ID, 12.7 mm OD 
Copper hot patch clamp: 
8.9 cm OD, 6.25 cm long. 
1073     
• The earliest technique for 
obtaining steady state post-dryout 
data with low inlet qualities. 
Chen, Lee 
and 
Groeneveld 
(1979) 
Heated tubes: 
19.1 mm OD, 1.65 mm thick, 4m long; 
19.1 mm OD, 0.89mm thick, 3.5m long; 
15.9 mm OD, 1.02mm thick, 3.5m long; 
573 : 
1073 
10 : 80 
10 : 40 
g/cm
2
s 
1 
 
 
SS 
SS 
Inconel 
• Measurements of boiling curves 
during rewetting assuming one 
dimensional conduction. 
Fairbairn 
(1979) 
 
Clad filled with boron nitride 
Annulus: 20.0 mm ID (Silica tube) 
Heated tube: 14.2 mm OD, 0.61 mm 
thick, 0.5 m long. 
 
970 0 16.7 g/s 1 
Stainless 
Steel 
• Measurement of rewetting 
velocity and temperature profiles 
• Comparison with two-dimensional 
model 
Kim & Lee 
(1979) 
 
Heated tubes: 
19.1 mm OD, 1.65 mm thick, 4 m long; 
19.1 mm OD, 0.89 mm thick, 3.5m long 
15.9 mm OD, 1.02 mm thick, 3.5m long 
19.1 mm OD, 1.02 mm thick, 3.5m long 
 
543 : 
1073 
10 : 80 
10 : 40 
g/cm
2
s 
1 
 
SS 
SS 
Inconel 
SS 
• An empirical correlation of 
“apparent rewetting temperature” 
using dimensional analysis was 
attempted. 
Denham, 
Elliott and 
Shawyer 
(1980) 
Heated tube: 
12.56 mm ID, 3.31 mm thick, 3.95 m 
long 
873 0 : 80 
2-16 
g/cm
2
s 
1 : 4 
 
Inconel 
600 
 
• Quench front velocity. 
• Temperature histories; attempts to 
determine heat transfer rates. 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Lee, Kim 
and Shim 
(1982) 
Heated tube:  
15.9 mm OD, 1.2 mm thick, 3.5 m long    
1 Inconel 
• Studied of the effect of several 
parameters during bottom and top 
flooding. 
Seban 
(1983) 
Heated tube:  
14.25 mm ID, 0.83 mm thick, 3.7 m 
long 
589-
1033 
~80 
2.54-12.7 
cm/s 
1, 2, and 3 
atm 
Inconel 
600 
• Simulate one flow channel of a 
nuclear core. 
• The quench front histories, heat 
transfer coefficients and effluent 
characteristics as a function of 
system pressure determined. 
Class, Hain 
and Meyder 
(1984) 
PWR fuel rod simulators (SCOSIMA 
facility) 
10.75 mm OD, 1.45 mm thick, 0.5 m 
long 
    Zircaloy 
• Blowdown simulations. 
• Thermocouples spot welded on a 
surface, in two-phase-flow, may 
rewet much sooner than the 
surrounding surface; they even may 
act as promoters for rewetting. 
Costigan & 
Wade 
(1984) 
Heated tube:  
12.2 mm OD, 9.25 mm ID, 600 m long 
873 65 : 20 
2.5 : 7.5 
cm/s 
1 
Stainless 
Steel 316 
• Preliminary flow visualisation 
experiments performed for the 
quenching process at various 
positions along the tube, achieved 
using neutron imaging system. 
Pearson 
(1984) 
PWR fuel rod simulators (49-rod, with 
spacer grids): 
3.6 m long 
~893  2 cm/s   
• A qualitative description of the 
rewetting process during bottom 
reflooding of a PWR presented with 
focus on heat transfer above and the 
propagation of the rewetting front 
and the influences of spacer grids. 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Zvonarev et 
al. (1984) 
Cross section of the channel simulates 
the sub-channel formed between four 
tubes: 5.6 mm Hydraulic D, 0.5 mm 
thick, 1.8 m long  
673 : 
1073 
20 : 160 
180 : 330 
kg/m
2
s 
1  
• Determination of the boiling 
curve. 
Edelman, 
Elias and 
Naot (1985) 
Single vertical tube uniformly heated 
with a steady electric heat source: 2 m 
(6 ft) long with an outside diameter of 
12.7 mm.   
Measurements were taken in two 
different tubes:  
a) wall thickness of 0.7, and  
b) wall thickness of 0.9 mm. 
a) 
833-
1043 
 
b)  
863-
1023 
a) 
78 
  
b)  
83 
a)  
83-250 
kg/m
2
s 
 
b)  
124-268 
kg/m
2
s 
atm 
Stainless 
Steel 304 
• Inverted annular film boiling 
• Measurements were carried out 
locally above the quench front: wall 
temperatures along the tube outer 
surface and void fraction or vapour 
film thicknesses.  
Lee & Shen 
(1985) 
Heated tube: 
15.8 mm OD, 13.8 mm ID, 2 m long 
623 : 
823 
30 : 2-5 
115 :370 
kg/m
2
s 
atm 
Stainless 
Steel 304 
• Visualisation studies. 
• Experimental studies on the effect 
of coolant vapour quality at the inlet 
of the test section (from -16% to 
33%) on the rewetting process in 
bottom-up rewetting. 
• Temperature measurements using 
8 chromel-alumel thermocouples, 
which were spot-welded every  
0.20 m apart to the outside surface 
along the axial location. 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Costigan 
(1986) 
Heated tube: 
12.2 mm OD, 9.25 mm ID, 600 m long 
873 73 
2.5, 5.0, 
7.5 and 
10 cm/s 
1 
Stainless 
Steel 316 
• A single tube representing a PWR 
subchannel used for the test section. 
• Visualisation using dynamic 
neutron radiography. 
Lee & Shen 
(1987) 
Annulus: 
40.4 mm ID 
Heated tube: 15.9 mm OD, 2.7 mm 
thick, 4 m long 
823 30 : 2-5 
50 : 20 
kg/m
2
s 
1 
Stainless 
Steel 
• Studies on the effect of surface 
roughness (0.3-6.5 μm) on 
rewetting process. 
• Measurements of the rewetting 
velocity, apparent rewetting 
temperature, and heat transfer 
processes. 
Wang & 
Seban 
(1988) 
Heated tube: 
14.4 mm ID, 0.76 mm thick, 3.66 m 
long. 
602 : 
914 
34 : 80 
25 : 75 
kg/m
2
s 
1 : 4 Inconel 
 
• Wall temperature histories. 
• Attempts at inverse conduction 
problem solutions to calculate the 
maximum and minimum heat flux. 
 
Tuzla, Unal 
and Chen 
(1991) 
3×3 rod bundle surrounded by a 2-mm 
thick square shroud (44.5×44.5 mm2) 
Diameter of rods: 9.5 mm 
Distance between rods: 12.6 mm 
Length: 1.22 m 
600 : 
900 
40 
(50% inlet 
vapour 
quality) 
7-26 
kg/m
2
s 
1.05-1.2  
 
• Measurements of rewetting 
velocity and temperatures and heat 
transfer. 
• Comparison between the 
experimental results and the TRAC 
computer code were made. 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Yadigaroglu 
(1992) 
The test section is an electrically heated 
and internally reflooded tube. 
 
Internally heated test section: 
3.66 m long, 14.35 mm ID 
(approximating the hydraulic diameter 
of a typical PWR fuel rod bundle), tube 
wall thickness of 0.76 mm 
786
1
 : 
1020
2 
75
1
 : 35
2 
 
(inlet coolant 
temperature 
of 25 and 65 
respectively) 
124
1
 : 
127
2
 
mm/s 
Nearly atm 
Inconel-
600 
Detailed experimental data for a 
single Inconel-600 tube rewetting. 
1
 “Subcooled” run [Run 128] 
2
 “Saturated” run [Run 136] 
 
Measurements:  
1) Test section temperature  
     transient (outside surface  
     temperature),  
2) Inlet water temperature,  
3) Exit steam temperature,  
4) Separate (liquid and vapour) 
     carryover. 
Barnea, 
Elias and 
Shai (1994) 
Annulus: 
Outer pipe (quartz) 54 mm ID, 3 mm 
thick 
   Inner heated tube: 44.8 mm OD, 2.4 
mm thick, 0.8 m long. 
673-
848 
70 and 40 
9.1 : 13.5 
cm/s 
1 
 
Inconel- 
600 
• Some visual studies.  
• Measurement of temperature 
profiles and rewetting velocity; 
comparison with theoretical models. 
• Measurement of the vapour and 
liquid temperatures and the 
volumetric void fraction along the 
test section. 
• Heat flux calculated and heat 
transfer zones identified. 
Huang, et al. 
(1994) 
Hollow cylinder: 
32 mm OD, 10 mm ID, 0.5 m long 
695 5-40 
20 : 500 
kg/m
2
s 
1 
 
Copper 
• Inverse conduction methods. 
• Comparison between transient 
experiments with and without 
quench front 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Filipovic, 
Incropera 
and 
Viskanta 
(1995) 
Heated test specimen: 
508 mm long, 38 mm wide, 25 mm 
thick 
≤ 1123 25-55 2-4 m/s 1 Copper 
 
• A convenient and accurate method 
developed. 
 
• Results indicate the rewetting 
temperature. depend on the initial 
wall temperature. and the flow and 
surface conditions. 
 
• Reveal strong effects of variables 
on the quench front velocity. 
 
Saxena et al. 
(2001) 
Annulus: 
21 mm ID 
 
   Heated tube: 15 mm OD, 12 mm ID, 
3030 mm long. 
473-
773   
1-7 lpm 
(11.7× 
10
-5
      
m
3 
s
-1
) 
 
 
 
 
 
Stainless 
Steel 
 
SS 316 
• Longer channels, a wider range of 
coolant flowrates and initial surface 
temperatures. 
 
• Bowing of the inner tube observed 
for initial surface T ≥673K 
 
• Cold flooding velocity and 
rewetting velocity corresponding to 
given flowrates were obtained. 
 
• Top flooding cf. bottom flooding. 
Sepold et al. 
(2001) 
 
LWR fuel rod simulators (QUENCH 
facility): 
21 fuel rod stimulators, 10.75 mm OD, 
0.725 mm thick, 2.5 m long, identical 
cladding to that used in PWRs: 
20 fuel rod simulators heated over a 
length of 1024mm, central rod unheated. 
 
1870 : 
2500  
1-30s: 
80-90 g/s 
 
>30s: 
50 g/s 
 
 
 
Zircaloy-
4 
• Investigated the hydrogen 
generated during reflooding of an 
uncovered LWR core. 
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Table A.2  A summary of experiments containing a partial blockage due to fuel rod clad ballooning 
REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Creer et al. 
(1977) 
Flow blockages in an unheated 
square 7×7 rod bundle.   
Rods:  9.96 mm OD, 13.69 mm pitch.  
In this, brass sleeves were attached to 
the central 3×3 array; result in flow area 
reductions of 70 and 90% over a length 
of 25.4 mm in the centre 4 subchannels.  
Overall balloon length of 76.2 mm.  
These flow area reductions correspond 
to 35 and 45% area reductions in the 
adjacent subchannels and 17 and 22% 
in the subchannels next to the corners of 
the blockage. 
 
~70 
(water 
temperature 
of 85 °F) 
2.7, 5.7 
and 
10.7 ft/s 
(= 82, 
174, and 
326.1 
cm/s)  
 
(Re = 
1.4×10
4
, 
2.9×104, 
5.8×10
4
) 
 
 
Stainless 
Steel 
housing 
body 
 
Sch 10S 
Stainless 
Steel pipes 
 
Brass 
sleeves 
(for the 
blockages) 
• Modelled steam conditions at a 
point in time during a postulated 
PWR LOCA. 
 
• Turbulent flow measurements 
were performed with a laser 
Doppler anemometer (LDA) to 
obtain the local mean velocity and 
turbulence intensity. 
 
• Comparison of the data with 
predictions obtained using the 
COBRA program are provided. 
Drucker et 
al. (1980) 
Four-rod bundle housed in a quartz 
tube. 
Rods: 11 mm OD, 1200 mm long, 
arranged in a square grid spaced 15 mm 
apart.   
Inside the clad: Al2O3 fillers, 9.1 mm 
dia. (same as that of UO2 pellets) 
The gap between the filler and the 
cladding was 0.07 – 0.24 mm.  
Sleeves: located at the axial midplane 
of the rod bundle to provide a flow area 
blockage of 60% with an effectively 
infinite bypass flow area. 
924- 
1190 
78  
(water 
temperature 
of 295 K) 
2, 5, 10, 
and 30 
cm/s 
atm 
Quartz tube 
 
Zircaloy 
cladding 
 
Al2O3 
fillers 
 
Sleeves 
made of 0.5 
mm thick 
stainless 
steel sheet 
• Mechanistic studies of the effect 
of blockages during quenching. 
 
• During flooding, the quenching 
phenomenon on the sleeved 
portion of the rod bundle was 
filmed while recording 
temperature-time histories. 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Pearson et 
al. (1983) 
THETIS 90% blocked cluster test 
assembly.  7×7 array of full length fuel 
rod simulators mounted in a square 
shroud tube (inside width of 115.5 mm, 
wall thickness of 6.5 mm).  Simulator: 
12.2 mm OD. Wall thickness of 
0.8 mm, with a central spiral nichrome 
heating tape.  Pitch = 16.2 mm. l 
In this, an off-centre 4×4 array with 
pre-formed balloons attached to them, 
to reduce subchannels area by 90% over 
a length of 200 mm.  Overall balloon 
length of 455 mm. 
Single 
phase: 
673 
 
Forced 
reflood 
923  
3-52 
1.0-5.8 
cm/s 
1.3-4 
 
 
 
Inconel 600 
Four types of experiments were 
performed: 
 
• Single Phase 
 
• Forced Reflood 
 
• Gravity Reflood 
 
• Level Swell 
 
The first two of these are 
covered in Pearson et al. 
(1983). 
Drucker, 
Dhir and 
Duffey 
(1984) 
Geometry: Plexiglass tube housing 
(~146 cm in length) containing 4 rods 
arranged in a square grid of same pitch 
as fuel elements in a PWR. 
Blockage: sleeve-type, positioned at the 
midplane of the test section.  To each 
end of the blockage a 26.7 cm segment 
of stainless steel tube was attached 
thereby forming the test section.  
Maximum diameter of the blockage 
assembly occurs when the adjacent rods 
touch each other (60% flow blockage of 
the inner flow channel). 
? ? 
Single-
phase 
1-30 
cm/s (Re 
= 230-
6900) 
 
Two-
phase 
Re = 
1150-
3450 
atm 
 
Enclosure: 
plexiglass 
 
Rod: 
Stainless 
steel 
Correlations have been developed: 
• to describe the enhancement for 
flow in tubes and over rod bundles 
• to describe both the magnitude 
and location of the downstream 
enhancement. 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Ihle & Rust 
(1984) 
 
FEBA programme.  5×5 electrically 
heated rod arrays enclosed in a stainless 
steel shroud (inside width of 78.5 mm, 
wall thickness of 6.5 mm).  7 spacer 
grids.  Rods: heated length of 3.9 m, 
10.75 mm OD, pitch = 14.3 mm. 
 
In this, an off-centre 3×3 array with 
hollow stainless steel sleeves attached 
to them, to reduce subchannels area 
locally by  
1) 90% over a length of 65 mm.  
Overall blockage ratio = 31%.   
2) 62% local blockage. 
 
873-
1073 
 
(bundle 
mid-
plane) 
~54 
2.2-5.8 
cm/s 
2-6 
 
Stainless 
Steel 
• Performing separate effect tests 
under different reflood conditions 
(reflood rate, system pressure and 
feedwater temperature) in order to 
quantify the effects of a partial 
blockage in a bundle of fuel rods, 
and the presence of spacer grids. 
 
• Main results: temperature in the 
blockage generally was lower than 
in the bypass even with 90% 
blockage.  In cases without 
bypass, the coolability was 
siginificantly increased. 
Cooper, 
Pearson 
and Jowitt 
(1984) 
 
Jowitt, 
Cooper and 
Pearson 
(1984) 
 
THETIS 80% blocked cluster test 
assembly.  7×7 array of full length fuel 
rod simulators mounted in a square 
shroud tube.  Simulator: 12.2 mm OD 
with a central spiral nichrome heating 
tape.  Pitch = 16.2 mm.  
 
In this, an off-centre 4×4 array, with 
swellings located between 2 grids near 
mid-height and consists of a 200 mm 
long parallel section with upstream and 
downstream conical tapers of 200 mm 
and 50 mm respectively. 
 
923: 
823 
10-50 1-6 cm/s 1.3-4 
 
 
 
Inconel 600 
 
 
 
 
Stainless 
Steel 
cladding 
Four types of experiments were 
performed: 
 
• Single Phase 
 
• Forced Reflood 
 
• Gravity Reflood 
 
• Level Swell 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Hochreiter 
(1985) 
 
21 full-length heater rod bundle 
housed in a stainless steel cylindrical 
shoud (6.82 mm ID, thickness of 4 
mm).  Rods: diameter = 9.5 mm, 
heated length = 3.05 m.  Held in 8 
spacer grids (including 4 triangular 
solid fillers). 6 test series: 
 
1) No blockage; 
2) Short concentric sleeve, coplanar 
blockage on 9 centre rods. 
Maximum strain = 32.6%; 
3) Short concentric sleeve, coplanar 
blockage on all 21 rods.  Maximum 
strain = 32.6%; 
4) Short concentric sleeve, non-
coplanar blockage on all 21 rods. 
Maximum strain = 32.6%; 
5) Long non-concentric sleeve, non-
coplanar blockage on all 21 rods.  
Maximum strain = 36%; 
6) Like 5), with increased sleeve 
strain, noncoplanar blockage on all 
21 rods.  Maximum strain = 44%. 
 
~1073 22 and 78 
1.27-15.2 
cm/s 
1.4-2.8 
 
 
Stainless 
Steel 
In total, 87 forced reflood tests and 
10 gravity reflood tests were 
conducted. Forced reflood tests 
were used to study the separate 
effects of variations upon the 
different test parameters. 
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REPORTS TEST SECTION 
CONDITIONS 
COMMENTS Initial 
Tw, K 
Subcooling, 
K 
Flowrate 
Pressure, 
bar 
Wall 
material 
Rust et al. 
(1985) 
 
Ihle & Rust 
(1987) 
 
SEFLEX  programme.  
5×5 electrically heated rod (REBEKA 
fuel rod simulator) arrays enclosed in a 
square stainless steel housing (inside 
width of 78.5 mm, wall thickness of 6.5 
mm) which is insulated at the outside.  7 
spacer grids.  Rods: heated length of 3.9 
m, 10.75 mm OD, pitch = 14.3 mm. 
 
In this, an off-centre 3×3 array with 
artificially ballooned Zircaloy-cladding 
tubes (deformed in a suitable mould) 
attached to them, to reduce subchannels 
area locally by 90% over a length of 
65 mm.  Overall blockage ratio = 31%.  
Overall balloon length of 180 mm. 
 
Helium and argon filled gaps 
respectively. 
  
3.8 and 
5.8 cm/s 
2.1 and 
4.1 
 
 
Stainless 
Steel 
 
 
 
 
 
 
Zircaloy 
claddings 
• This analysis was based on a 
limited number of tests performed 
under conditions identical to 
those in the corresponding FEBA 
tests.  It was designed to evaluate 
the sensitivity of FEBA-type 
reflood test results on fuel rod and 
blockage simulation techniques.  
 
• More representative fuel rod 
electric simulators were used than 
the heater rods used in the FEBA 
bundle tests (“solid-type” 
simulators, each composed of a 
spiral heating element embedded 
in a magnesium oxide insulator). 
Ang, 
Aytekin and 
Fox (1987) 
Air rig (a geometric scaling factor of 
×2.674 for the model compared with the 
UK PWR): 
7×7 rod bundle mounted in a square 
duct (254 mm ID, rods: 25.4 mm dia, 
33.7 mm pitch) with an internal 
deformed cluster configuration forming 
a 4×4 array.  5 „honeycomb‟ spacer 
grids, each 101 mm length 
  
12.7 
mm/s 
 
(Re = 
1.9×10
3
, 
9.8×10
3
, 
3.5×10
3
) 
atm 
 
 
 
Aluminium 
 
 
 
20 swg 
brass plates 
• Studies of the velocity and 
turbulence intensity distributions 
due to the presence of a 90% 
blockage. 
 
• Experimental investigation and a 
comparison with predictions from 
the COBRA (Coolant Boiling in 
Rod Arrays) Subchannel computer 
code. 
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Appendix 2:  List of Axial Viewing Technique Experiments 
 
Table A.3  A summary of axial viewing techniques 
REPORTS 
TEST SECTION 
ARRANGEMENT 
FLUID 
SYSTEM 
VIEW TECHNIQUE  
OBSERVATION / 
INVESTIGATION 
Arnold & 
Hewitt 
(1967) 
Fitted on top of a vertical Perspex 
tube (32mm ID) 
Annular 
air-water 
Vertical top 
viewing,  
Still photography and high 
speed filming (frame rates 2000-
4000 frames/s) 
• the motion of disturbance 
waves 
 
• the entrainment of the 
droplets 
 
• radial motion of the droplets 
in gas stream  
Hewitt & 
Roberts 
(1969) 
Same device as Arnold and Hewitt 
(1967) 
Annular 
air-water 
Vertical top 
viewing, 
straight 
through 
Single-shot flash photography; 
high speed cine filming (frame 
rates: up to 4000 frames/s) 
• the interface and the motion 
of droplets in annular two-phase 
flow 
Fisher & 
Yu (1975) 
• based on design by Hewitt and 
Roberts (1969) 
 
• could be placed at any point in a 
bank of horizontal tubes 
 
• 50 mm ID exp. facility. 
Air-water 
Horizontal; 
straight 
through 
High speed cine technique 
• detailed descriptions of flow 
patterns in horizontal flows 
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 REPORTS 
TEST SECTION 
ARRANGEMENT 
FLUID 
SYSTEM 
VIEW TECHNIQUE  
OBSERVATION / 
INVESTIGATION 
Suzuki & 
Ueda 
(1977) 
 
Installation of a high speed camera 
directly at the bottom of a 28.8 mm ID 
vertical tube. 
 
 
Figure A.1:  Schematic of the 
experimental apparatus of 
Suzuki & Ueda (1977) 
Air-water 
Vertical, 
straight 
through 
Axial viewing photographs 
taken by a high speed camera, 40 
millisecond intervals between 
successive frames 
An investigation of flooding 
phenomena in vertical counter-
current two-phase flow to 
observe the state of the wavy 
liquid surface and the process of 
flooding 
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REPORTS 
TEST SECTION 
ARRANGEMENT 
FLUID 
SYSTEM 
VIEW TECHNIQUE  
OBSERVATION / 
INVESTIGATION 
Whalley et 
al. (1977a; 
1977b) 
Same basic facility as Arnold & 
Hewitt (1967); changes: 1) an 8° tilt 
of camera, 2) a longer illumination 
length (100 mm), 3) stereoscopic 
axial viewing technique developed. 
 
 
Figure A.2:  Schematic of the test section 
of Whalley et al. (1977a; 1977b) 
 
Annular 
air-water 
Vertical,  
top viewing, 
straight 
through 
Still photography and high 
speed cine films (frame rates: 
4000 frames/s); still and high 
speed cine stereo photography 
• wave phenomena in 
annular two-phase flow 
 
 
• most of the liquid 
droplets in the annular flow 
are entrained from disturbance 
waves 
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 REPORTS 
TEST SECTION 
ARRANGEMENT 
FLUID 
SYSTEM 
VIEW TECHNIQUE  
OBSERVATION / 
INVESTIGATION 
Fisher, 
Harrison 
and Pearce 
(1978) 
New axial viewer, for a 32mm ID 
facility for use with Freon-12 at 
pressures up to 40 bar 
Air-water 
Horizontal, 
straight 
through 
High speed cine photography 
(frame rates up to 2500 frames/s) 
• to observe and describe two-
phase flow patterns; 
 
• to determine the boundaries 
between different flow patterns 
(latter study). 
Whalley, 
Hewitt and 
Terry 
(1979) 
Same facility as Whalley et al. 
(1977) 
Air-water 
Vertical,  
top viewing, 
straight 
through 
Parallel-light technique in 
photographic studies 
• the motion of droplets; 
 
• the estimation of the droplet 
velocities 
Hewitt & 
Whalley 
(1980) 
    
A review of the optical 
methods developed at Harwell, 
involving the various axial view 
systems 
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REPORTS 
TEST SECTION 
ARRANGEMENT 
FLUID 
SYSTEM 
VIEW TECHNIQUE  
OBSERVATION / 
INVESTIGATION 
McQuillan 
et al. 
(1985) 
Annulus apparatus: 
Central stainless steel tube (38 mm OD, 
wall thickness of 9 mm) inside a Perspex 
tube. 
 
Figure A.3:  Schematic of the test section 
of McQuillan et al. (1985) 
Air-water 
Vertical,  
top viewing, 
through 45° 
prism 
Parallel light beam axial view 
method (using a local illumination 
combined with a parallel laser beam).  
 
A recording rate of 500 frames/s 
was chosen as a compromise 
between two conflicting 
requirements: 
 
• High speed to give a slow 
motion view of the events; 
 
• Low speed to give a reasonably 
long running time and to enable a 
small aperture to be used, thus giving 
a large depth of field. 
• Demonstration of upward 
wave transport during the 
flooding process  
 
• Using transparent tube with 
bands of different colour side 
illuminations 
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 REPORTS 
TEST SECTION 
ARRANGEMENT 
FLUID 
SYSTEM 
VIEW TECHNIQUE  
OBSERVATION / 
INVESTIGATION 
Azzopardi 
(1987) 
 
Technique developed by Whalley et 
al. (1979); test section mounted with the 
tube axis horizontal 
 
 
Figure A.4:  Schematic of the test section 
of Azzopardi (1987) 
Air-water 
Horizontal, 
straight 
through (the 
parallel beam 
of light from 
the laser 
passes through 
the windows) 
Parallel-light technique; high-
speed cine films were taken using 
the visualization technique (camera 
speed of 4000 frames/s)  
 
 
Drop motion: 
 
• mean ejection velocities of 
the drops show no trends with 
gas and liquid flowrates. (cf. 
vertical annular flow: the velocity 
depends on both gas and liquid 
flowrates) 
 
• gas density effects the 
velocity  
Govan, 
Hewitt and 
Ngan 
(1989) 
Test section: 32 mm in diameter, 1 m 
in length. 
 
Study of the motion of particles in a 
gas stream.  Glass spheres of 110, 250 
and 550 μm diameters. 
Air-
particles  
 
Particles 
glass 
spheres, 
density: 
2600 kg/m
3
 
Vertical, prism 
Laser (5 mW He-Ne laser) axial-
viewing technique.  High-speed 
ciné photography (4000 frames/s). 
 
• The experiments showed the 
possibility of tracking such 
particles over many frames of the 
ciné films and to calculate 
particle velocities from them. 
 
• Lagrangian measurements, 
in the form of velocity time-
histories. 
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REPORTS 
TEST SECTION 
ARRANGEMENT 
FLUID 
SYSTEM 
VIEW TECHNIQUE  
OBSERVATION / 
INVESTIGATION 
Lee, 
Hanratty 
and Adrian 
(1989) 
 
• Downward air flow in a 5.08 cm 
pipe; 
• Droplets injected into the centre of 
the pipe at a velocity approx equal to 
that of air 
 
 
Figure A.5:  Schematic of the apparatus 
of Lee et al. (1989) 
 
Air-water: 
 
Air  
60-70% 
humidity  
 
Water 
deionised 
water 
droplets of 
uniform 
sizes; 50, 
90, and 
150μm 
Vertical, 
straight 
through. 
 
An optically 
flat quartz 
window was 
used for 
camera 
viewing, 
which was 
situated on a 
3D traversing 
mechanism at 
the bottom of 
the pipe.  
Axial viewing photographic 
technique (Kodax Tri-X ASA 400 
black-and-white film); Laser-
Doppler velocimetry: 5 parallel light 
sheets formed by an electronic flash 
unit (Nissin 4000 GW with thyristor 
auto.bounce double reflector and 
xenon tubes) and a spherical copy 
lens. 
The study of the random 
motion of particles or droplets 
contained in a fluid flowing 
turbulently in a vertical pipe 
under the influence of the 
turbulent velocity fluctuations. 
 
Through the synchronization 
of the flashes with the mean 
translation of the drops, images 
of the same particles were 
obtained as they moved down the 
pipe.  This led to radial and 
tangential components of the 
particles velocities. 
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 REPORTS 
TEST SECTION 
ARRANGEMENT 
FLUID 
SYSTEM 
VIEW TECHNIQUE  
OBSERVATION / 
INVESTIGATION 
Shibata, 
Katuyama 
and 
Kaminaga 
(1999) 
Vertical test section, 100 mm in 
diameter 
Air-water 
Top viewing, 
straight 
through 
A high speed video camera 
placed above test section 
Interesting images showing 
the generation of droplets from 
the film layer and break-up of 
large drops in the gas core region 
Badie 
(2000) 
Based on the axial viewing system 
used by Fisher and Yu (1975). The flow 
from a 3 inch (77.92 mm) nominal bore 
WASP (Water, Air, Sand and Petroleun) 
high pressure multiphase flow facility is 
horizontally diverted into two 3-inch 
tubes to provide space for the viewing 
and purge system. 
 
Test section was set up so that the 
transparent visualisation section was 
~1.5 m upstream of viewing window 
allowing the illumination (provided by 
two 500 W halogen lamps) to take place 
in the 1 m Perspex section.  
Air-water 
Horizontal. 
The viewing 
tube inserted 
at the junction 
(purge air 
blowing 
against the 
direction of 
the main flow) 
 
Initial: straight 
through; later 
tests: viewing 
via a 45° 
mirror 
adjacent to the 
viewing 
window. 
 
In-Line Axial View System 
 
Axial view of the flow observed 
on a Sony EVM-9010PG Trinitron 
colour video monitor. 
 
Initial tests at 24 frames/s with a 
miniature camera (Panasonic WV-
KS152) and a lens (Tarcus TV Zoom 
Lens 1:2 / [11.5 – 90]) were fixed to 
the back of the distributor allowing a 
direct view down the viewing tube.  
 
Later tests: high speed video 
recording system: a Kodak EktaPro 
HG Imager – Model 2000 high speed 
digital camera to capture images at 
framing rates up to 2000/s. 
 
 
• series of experiments carried 
out to measure and record flow 
behaviour in the low liquid 
loading region 
 
• measurement of flow 
parameters, incl. pressure 
gradient and holdup 
 
• the flow was observed and 
recorded axially:  
 
-  the bulk of the liquid travels 
in the film at the bottom of the 
pipe, but a significant portion is 
entrained as droplets within the 
gas core;  
 
-  waves on the liquid layer 
were observed to converge and 
break up into rapidly moving 
spray droplets. 
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Appendix 3:  Design of Axial View Reflood Rig - 
Calculations of Heating Requirement for the Power Supply  
 
A new power supply unit was purchased for the boiling facility.  This unit needed to 
be sufficient to meet the potential needs for the three circuits attached to the facility 
(the AVR rig, the sub-atmospheric pressure evaporation rig and the nucleate boiling 
visualisation rig) so it was not specifically designed for the AVR rig.  However, it is 
important to establish that the combination of voltage and amperage available from 
the power supply was compatible with the requirements of the AVR tests.   
 
Basically, the methodology adopted to validate the suitability of the power 
supply was to estimate the losses expected from the outside of the test section by 
natural convection and radiation.  An estimate was then made of the maximum rate of 
heat generation by Joule heating within the voltage and current limitations of the 
power supply.  
 
The stainless steel pipe used in the experiments had the following dimensions:  
 
Table A.4  Test section dimensions 
Pipe OD 18.0 mm 
Wall thickness 1.5 mm 
Pipe ID 15.0 mm 
Pipe length 2000 mm 
 
 
A3.1 Natural convection losses 
 
It was assumed that the ambient temperature,T  in the laboratory accommodating the 
reflood rig is 15 °C (288.15 K).  The natural convection losses from the test section 
may be calculated from standard relationships from the literature involving the   
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Grashoff number (Gr ), Prandlt number ( Pr ) and Rayleigh number ( Ra ) defined as 
follows:  
 
 
3 2
2
OD g TGr
 


   (A.1) 
 Pr
pc
k

  (A.2) 
 
 
3
Og TDRa
v



  (A.3) 
and 
 PrRa Gr   (A.4) 
 
Various dimensionless empirical relations have been suggested for heat 
transfer from bodies of different geometry and orientation in space.  A simple set of 
correlations developed by Churchill & Chu (1975) for the space-mean Nusselt number 
(Nu) for all Ra and Pr  were used in this case. 
  
For a vertical plate, for all Rayleigh numbers smaller than 10
9
, i.e. in the 
laminar region, Equation (A.5) can be used to calculate a length-mean Nusselt 
number. 
 
 
 
1/4
4/9
9/16
0.67
0.68
1 0.492 / Pr
L
Ra
Nu  
 
 
 (A.5) 
 7.215LNu   
where L
hL
Nu
k
  (A.6) 
  
For a vertical plate at a Rayleigh number varying within the range from 10
4
 to 
10
13
 and covering both the laminar and turbulent flow zones, a length-mean Nusselt 
number can be calculated using the following correlation: 
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 
2
1/6
8/27
9/16
0.387
0.825
1 0.492 / Pr
L
Ra
Nu
 
 
  
    
 (A.7) 
  
 These expressions for LNu  may be applied to the calculation of mean heat 
transfer from a vertical cylinder, if the boundary layer thickness (H) is much smaller 
than the cylinder diameter (D) (Hewitt et al., 1997).  Hence 
  
 
1/4
35D
H Gr
  (A.8) 
 
Therefore the rate of heat loss through free convection is: 
  
  conv conv s sQ h A T T   (A.9) 
  
Table A.5  Thermo-physical properties of air at various temperatures 
T (K) 
ρ 
(kg/m
3
) 
cp 
(kJ/kg.K) 
μ 
(N.s/m
2
) 
ν (m2/s) 
k 
(W/m.K) 
α (m2/s) Pr 
100 3.556 1.032 7.11×10
-6
 2.00×10
-6
 9.34×10
-3
 2.54×10
-6
 0.786 
150 2.336 1.012 1.03×10
-5
 4.43×10
-6
 1.38×10
-2
 5.84×10
-6
 0.758 
200 1.746 1.007 1.33×10
-5
 7.59×10
-6
 1.81×10
-2
 1.03×10
-5
 0.737 
250 1.395 1.006 1.60×10
-5
 1.14×10
-5
 2.23×10
-2
 1.59×10
-5
 0.720 
300 1.161 1.007 1.85×10
-5
 1.59×10
-5
 2.63×10
-2
 2.25×10
-5
 0.707 
350 0.995 1.009 2.08×10
-5
 2.09×10
-5
 3.00×10
-2
 2.99×10
-5
 0.700 
400 0.871 1.014 2.30×10
-5
 2.64×10
-5
 3.38×10
-2
 3.83×10
-5
 0.690 
450 0.774 1.021 2.51×10
-5
 3.24×10
-5
 3.73×10
-2
 4.72×10
-5
 0.686 
500 0.696 1.030 2.70×10
-5
 3.88×10
-5
 4.07×10
-2
 5.67×10
-5
 0.684 
550 0.633 1.040 2.88×10
-5
 4.56×10
-5
 4.39×10
-2
 6.67×10
-5
 0.683 
600 0.580 1.051 3.06×10
-5
 5.27×10
-5
 4.69×10
-2
 7.69×10
-5
 0.685 
650 0.536 1.063 3.23×10
-5
 6.02×10
-5
 4.97×10
-2
 8.73×10
-5
 0.690 
700 0.498 1.075 3.39×10
-5
 6.81×10
-5
 5.24×10
-2
 9.80×10
-5
 0.695 
750 0.464 1.087 3.55×10
-5
 7.64×10
-5
 5.49×10
-2
 1.09×10
-4
 0.702 
800 0.435 1.099 3.70×10
-5
 8.49×10
-5
 5.73×10
-2
 1.20×10
-4
 0.709 
850 0.410 1.110 3.84×10
-5
 9.38×10
-5
 5.96×10
-2
 1.31×10
-4
 0.716 
900 0.387 1.121 3.98×10
-5
 1.03×10
-4
 6.20×10
-2
 1.43×10
-4
 0.720 
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Thermo-physical properties of air at various temperatures within the range of 
100 to 900 K are summarised in Table A.5 (Incropera & DeWitt, 2001) and the 
present calculations were based on an interpolation of this data. .   
 
 
A3.2 Radiation 
 
The test section of the reflood experiment is made of a stainless steel pipe with a 
nominal internal diameter of 15 mm and is 2 m in length.  The emissivity of different 
types of stainless steel (Incropera & DeWitt, 2001) at different temperatures (in the 
range of 300 to 1200 K) is summarised in Table A.6. 
 
Table A.6  Emissivity of stainless steels at various temperatures 
 Temperature (K) 
Type of Stainless Steel 300 400 600 800 1000 1200 
Typical, polished 0.17 0.17 0.19 0.23 0.30  
Typical, cleaned 0.22 0.22 0.24 0.28 0.35  
Typical, lightly oxidized    0.33 0.40  
Typical, highly oxidized    0.67 0.70 0.76 
AISI 347, stably oxidized   0.87 0.88 0.89 0.90 
 
On the basis of this table, a value of emissivity of 0.36 was assumed 
corresponding approximately to the case of lightly oxidised stainless steel. Using this 
value, the heat loss by radiation can therefore be calculated using: 
 
  4 4rad s sQ A T T    (A.10) 
where   is the Stefan-Boltzmann constant, and is equal to 5.67×10-8.   
 
 
A3.3 Joule heating 
The electrical resistance of the test section (R) is given by:  
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L
R
A

  (A.11) 
 
 
7
2 2
2 7.496 10
0.01928  ohm
0.018 0.015
4
R

 
 

 
where L  is the length of the test section (m),    is the specific resistivity of the metal 
(ohm.m) and A is the cross sectional area of the tube.  The value of specific resistivity 
used in the above was for a temperature of 20 °C.  The specific resistivity increases 
with temperature and this is taken account of in what follows. 
 
 Using the above equations, the heat loss from the test section by convection 
and radiation can be estimated.  The values at the various temperatures are given in 
the following table; as will be seen, the radiative heat loss is the dominant term.  This 
is beneficial since it implies that the heat loss is reasonably uniform over the test 
section and, thus, the test section temperature is reasonably constant. The (mainly 
radiative) heat losses are counterbalanced by the Joule heating and what has to be 
checked that the power supply is adequate to achieve this.  The final column in 
Table A.7 indicates the maximum power which can be fed to the test section; this 
increases with temperature since the resistance increases with temperature.  Here, the 
power supply is limited by the maximum current (500 amps) and not by the maximum 
voltage (20 V) (the voltage drop across the test section ranges from 10 to 14 volts to 
achieve the staged maximum powers).  In any case, it will be seen that the power 
supply is comfortably above the level required to offset the heat losses. 
 
Table A.7  Summary showing heat losses from the test section and maximum power  
Twall 
(°C) 
Heat loss by 
convection (kW) 
Heat loss by 
radiation (kW) 
Total heat 
loss (kW) 
Maximum electrical 
heating power (kW) 
100 0.0001 0.0285 0.0286 5.0 
200 0.0004 0.0986 0.0989 5.3 
300 0.0006 0.2304 0.2309 5.6 
400 0.0008 0.4525 0.4533 6.0 
500 0.0013 1.3097 1.3111 6.3 
600 0.0097 1.3097 1.3194 6.8 
 398 
 
   
399 
Appendix 4:  Error Analysis 
A4.1 Formulae for Statistical Error Calculation 
Throughout the work presented in this thesis the relative error,
xE , between an 
experimental measurement and the value predicted using a model or correlation is 
given by: 
 
 x x
x
x
P M
E
M

  (A.12) 
Where xP  and xM  are the predicted and measured values respectively. 
 
The mean, or average, error,
xE , is given by: 
 
 1
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where N is the number of data points in the sample. 
 
The standard deviation, x , is obtained from 
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The root mean square error, ExRMS is defined as 
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which is equivalent to 
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A4.2 Measurement Errors on the Annulus Ballooned-Pin Test Section 
The measurement errors on the annulus ballooned-pin test rig are summarised in 
Table A.8. 
 
Table A.8  Measurement errors on the annulus ballooned-pin test rig 
Measured 
Parameter 
Range 
Measurement 
Error 
Instrument Notes 
Air volumetric 
feed rate 
0-830 l/min 
~1% FS 
(±5 l/min) 
Platon GMTX electronic metal 
tube gas flow transmitter (Roxpur 
Measurement & Control Ltd.) 
Particle position 
measurements 
 
 
±0.5 mm 
i-SPEED 2 and i-SPEED 3 high-
speed cameras (Olympus
®
) 
 
[N.B.: FS = full scale] 
 
   
401 
A4.3 Measurement Errors on the 9-Pin Bundle 
The measurement errors on the LOTUS (Long Tube System) facility are summarised 
in Table A.9. 
 
Table A.9  Measurement errors on the LOTUS facility 
Measured 
Parameter 
Range 
Measurement 
Error 
Instrument Notes 
Feed mass flowrate 0-0.05 kg/s  0.5 % FS 
Orifice plate flowmeter, 
designed to BS1042:1985. 
Testline pressure 0-10×10
5
 Pa 
 0.05 % FS 
(4 mbar) 
GEMS Transinstruments 
multi-purpose transducer 
Pressure 
measurement for 
isokinetic sampling 
0-4 Pa 0.1 Pa 
Poddymeter inclined 
manometer 
Isokinetic probe 
sampled volumetric 
flowrate 
0-100 l/min  1.25 % FS 
Platon variable area 
flowmeter: Model GT, 
hollow stainless steel float. 
 
[N.B.: FS = full scale] 
 
In addition to measurement error, experiments are subject to set-point errors 
where the flow rates may drift.  These errors are shown below in Table A.10. 
 
Table A.10  Set-point errors on the LOTUS facility 
Measured Parameter 
Drift from set-point value during the 
course of an experiment 
Feed mass flowrate (kg/s)  5% 
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A4.4 Measurement Errors on the Axial View Reflood Rig 
The measurement errors on the AVR rig are summarised in Table A.11 for each item 
of instrumentation. 
 
Table A.11  Measurement errors of the AVR rig instrumentation 
Measured 
Parameter 
Range 
Measurement 
Error 
Instrument Notes 
Test section wall 
temperature 
measurements 
0-650 °C ±2.5 °C 
Type II K Chromega
®
-
Alomega
TM
 thermocouples 
(model number: CO2-K, 
OMEGA) 
Inlet and outlet fluid 
measurements 
0-1100 °C ±1.5 °C 
K type minerally insulated 
stainless steel (310) 
sheathed thermocouples 
(RS Components) 
Feed flowrate 
measurement 
0.18-1.8 l/min ± 1.0 % FS 
Pelton Wheel Turbine 
NS500/063, Nixon 
Flowmeters Ltd. (supplied 
by Roxpur Measurement & 
Control Ltd.) 
Axial viewer 
measurements 
0.05-15 mm ±0.025 mm 
Olympus
®
 i-SPEED 3 high 
speed video camera digital 
imaging system with a 
combination of an F-mount 
70-300 mm F4-5.6 lens 
and a series of auto 
extension 
  
[N.B.: FS = full scale]
   
403 
Appendix 5:  Experimental Start-Up and Shut-Down Procedures  
 
A5.1 Flow Diversion Studies due to a Ballooned Pin 
 
Start-up procedure 
 
1. Switch on the two cameras used in this experiment (i-SPEED 2 and i-
SPEED 3).  Check the connection between the two cameras. 
2. Connect the trigger via a 5V TTL signal to the cameras.  Make sure the cameras 
are able to be triggered simultaneously. 
3. Both the cameras in the Olympus i-SPEED range can be controlled by an 
unique Controller Display Unit (CDU), which incorporates an 8.4” high 
resolution LCD monitor with an operate system.  Using the CDU, set the frame 
rate on both camera to 2000 f/s. 
4. Switch on the series of lights used. 
5. Open the main air supply into the laboratory. 
6. Gradually open NV2 to set the flowrate according to the specific run number 
within the matrix (750, 1000, 1250 or 1500 l/min) using the flowmeter and 
adjusting NV2.  Leave the air stream running for a while; wait for a steady flow 
to develop inside the system. 
7. Set both cameras to await recording upon triggering. 
8. Inject particles; 10 particles per run.  The sequence for particle injection is 
detailed below. 
 
Sequence for air supply system with solid particle seeding 
1) Close NV1 and V5.  This shuts off the air stream that goes through the 
atomiser. 
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2) Close V1, V2 and V4. 
3) Open NV2 and V3. 
 
4) Open V1; drop the solid particles (1.0, 1.5, 2.0 or 2.5 mm in diameter 
according to the specific run number within the matrix) into the test loop. 
 
5) Close V1. 
Air 
Atomiser 
V1 
V2 
V3 
V4 V5 
NV1 
NV2 
Air 
supply 
Air + particle 
 into test 
section 
Particle 
in 
Atomiser 
V1 
V2 
V3 
V4 V5 
NV1 
NV2 
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6) Open V4.   
 
           
7) Open V2.  A decision was made to open V2 before closing V3 to cut off 
that steam stream to avoid pressure build-up inside the circuit. 
 
Air 
Atomiser 
V1 
V2 
V3 
V4 V5 
NV1 
NV2 
Air 
Atomiser 
V1 
V2 
V3 
V4 V5 
NV1 
NV2 
Air 
Atomiser 
V1 
V2 
V3 
V4 V5 
NV1 
NV2 
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8) Close V3, hence shut down one of the air streams.           
 
 
 
9. Trigger the cameras to record. 
10. Play back the recorded videos on both cameras using the CDU and download 
the useful frames from both video footages.  These would be saved as an AVI 
file or in HSV format for the i-SPEED 2 and i-SPEED 3 cameras respectively.  
The latter will need to be covered into AVI format at a later stage. 
 
 
Shut-down procedure 
 
1. Switch off the lights. 
2. Close NV2. 
3. Close V4 and V2. 
4. Open V3. 
5. Switch off both cameras. 
6. Empty the particles from the “solid filter”. 
 
Air 
Atomiser 
V1 
V2 
V3 
V4 V5 
NV1 
NV2 
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A5.2 Flow Diversion Studies inside a Multi-Pin Bundle Geometry 
 
Start-up procedure 
 
1. Ensure that all the valves on the air line feeding into the vertical LOTUS (LOng 
Tube System) testline and hence the bundle test section are open.  Close all 
valves into the horizontal section (e.g. V106 and V107). 
2. Switch on the junction box for power supply. 
3. Switch on the main supply on the control panel. 
4. The alarm sounds signifying that the main power to the LOTUS facility is 
switched on.  Press the buttons “Alarm Accept” and “Alarm Reset”. 
5. It should be noted that the main air supply from Imperial College has a pressure 
of approximately 6 bara (87 psi).  It comes into the LOTUS facility at around 
20 psi.  As the main test section of the LOTUS facility is made of cast acrylic 
(Perspex
TM
) tube, special attention should be paid to ensure that the system is 
depressurised before air is directed into the main test section.  In order to do 
this, the flow into the test section is closed by shutting valve V70, which is 
located at the bottom of the vertical test section, and opening valve V75 to 
direct all flows into the drain. 
6. Open main air supply by opening V34 fully. 
7. On the control panel open the air valve to let the system depressurise into the 
drain.  Carefully watch the pressure gauge until it reaches 0 psi, close it and 
then re-open the air valve. 
8. Close the line into the drain by closing V75, and then open V70 to direct the 
flow into the main vertical test section. 
9. The position of V52 is controlled by adjust control valve V37 to change the 
pressure and subsequently set the air flow to the required inlet flowrate.  
 
 
Shut-down procedure 
 
1. Close control valve V37. 
2. Close the main air supply valve into LOTUS by closing V34. 
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3. Close the air valve on the control panel. 
4. Switch off the main supply on the control panel. 
5. Switch off the junction box for the power supply. 
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A5.3 Axial View Reflood Experiments 
 
The boiling facility was designed to be able to run three sets of experiments, i.e. on 
the sub-atmospheric evaporator (SAE) rig, the nucleate boiling visualisation rig, and 
the Axial view reflood (AVR) rig.  As a result, before starting up the axial view 
reflood experiments, the SAE rig should be isolated by closing valve V5.  In addition, 
the nucleate boiling visualisation rig should also be isolated.  To achieve this, it 
should be ensured that valves YV45, YV51, YV54, YV57 and YV58 are properly 
closed.  
 
Start-up procedure 
 
1. Switch on the power to the rig at the mains electricity supply (415 V, 3-phase, 
64 A).  
2. Switch on the reflood rig power and control unit and leave it for a minimum of 
60 minutes.  This is to ensure that the unit has been properly warmed up so that 
it is thermally stabilised and the cold-junction-compensation (CJC) thermistors 
within the PersonalDaq3000 acquisition system can accurately measure the 
junction at the terminal block. 
3. Switch on the PC used for data acquisition and start the real time data 
acquisition system DaqView (version 9.1.27).  Load the setup (.DAQ) file with 
all the correct channel and acquisition setups. 
4. Switch on the high-speed camera (i-SPEED 3) and load the pre-adjusted camera 
setup (file: Reflood). 
5. Switch on the light (ILP-1 high intensity light source) and recheck the camera 
focus. 
6. Turn on the cooling water to the reflux condenser. 
7. Check that the two-way valve YV49 is in its upright position so that the flow 
loop is directed into the bypass line. 
8. Open valve SV23.  Open the purge air line by opening control valve YV52 half-
way, and then fully opening YV53.   
9. Open valves V1, V2, V3 and V4 and make sure that the two-way valve YV49 is 
directed into the bypass line. 
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10. Start the primary liquid pump (M1 on the control unit).  
11. Adjust V2 and V4 and monitor the display unit for the turbine flowmeter to set 
the required liquid flowrate (in the range of 0.265-1.855 l/min, corresponding to 
a reflood rate of 2.5-17.5 cm/s). 
12. On the pre-heater control, preset the required inlet cooling water temperature 
(20-80 °C, corresponding to 80-20 °C of subcooling) and switch the pre-heater 
control to “Auto”.  Switch on the electrical pre-heater on the control unit. 
13. Switch on the air pre-heater.  Set the target temperature to match the desired 
system temperature.  Wait for the target temperature or the maximum air 
temperature to be reached and stabilise. 
14. Switch on the power to the test section by switching on the tube heater on the 
control unit and the GEN-3U 20-500 DC power supplies (TDK-Lambda UK 
Limited).  Slowly adjust the voltage and the corresponding current to allow the 
test section to be heated up. 
15. When the desired system temperature (up to 600 °C) is reached, switch off the 
tube heater on the control unit and start logging on the data acquisition system 
with a sampling rate of 1 kHz. 
16. After 5 seconds, turn YV49 into a horizontal position to direct the flow into the 
reflood test section, and at the same time trigger the camera to start recording at 
500 frames/s. 
17. Convert the data acquisition results into a .TXT file ready to be uploaded into 
Microsoft Excel for post-processing.  Download the relevant frames of the video 
recorded. 
 
If steam is used as the purge fluid instead of hot air, then an additional step between 
Steps 8 and 9 is required: 
A) Open the steam line.  Open control valve YV55 half-way, then fully open JV39, 
YV56, JV39, and JV37 in that order.  Finally open YV53. 
 
 
Shut-down procedure 
 
1. Switch off the DC power supplies. 
2. Switch off the cooling water electrical pre-heater on the control unit.  
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3. Switch off the air pre-heater. 
4. Stop the primary liquid pump by stopping M1 on the control unit.  
5. Turn the two-way valve YV49 back to its upright position. 
6. Close the air supply by closing valve YV53 and then SV23. 
7. Turn off the cooling water to the reflux condenser. 
8. Switch off the ILP-1 high intensity light source.  
9. Power off the camera. 
10. Close data acquisition system DaqView (version 9.1.27) and switch off the 
computer. 
11. Switch off the reflood rig power and control unit. 
12. Isolate the AVR rig from the mains electricity supply. 
13. Empty the liquid inside the test section from the draining point between the two-
way valve YV49 and the bottom of the inlet section of the test section. 
 
 
Emergency 
 
In case of emergency, there are two emergency stop buttons on the control panel.  All 
the power to the AVR rig is immediately switched off when the emergency stop 
buttons are pressed.  In addition, the temperature measurements T8, T10 and T12 
(corresponding to Elevations 4, 5 and 6 respectively) are used as interlocks that act as 
a burnout detector for the heater supply.  Should any of the temperatures from T8, 
T10 and T12 exceed the preset safe value, a fault alarm will be triggered and the 
power to the heaters will automatically switch off. 
 
 After an emergency shut-down of power, the subsequent procedures are 
identical to those for the normal shut-down (Step 3 onwards).  Only when these are 
completed should any inspection and analysis of the emergency be carried out. 
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Appendix 6:  Additional Results from Reflood Experiments 
 
A6.1 General Transient Temperature Measurements 
 
Further results of reflood experiments carried out at an initial wall temperature of 
400 °C are shown in this sub-section.   It should be noted that, a typical set of results 
from the runs performed with a nominal feedwater temperature of 20 °C has already 
been presented in Section 10.2.1.  Transient temperature measurements obtained at 
nominal feedwater temperatures of 30, 40, 50 and 60 °C are shown in Figures A.6-A.9 
respectively.   
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
 
(g) 
Figure A.6:  Transient temperature measurements and reflood velocity against time  
for Twall = 400 °C and Twater = 30 °C: (a) Reflood033: Uls = 2.5 cm/s; (b) Reflood035: Uls = 5 cm/s; 
(c) Reflood036: Uls = 7.5 cm/s; (d) Reflood032: Uls = 10 cm/s; (e) Reflood037: Uls = 12.5 cm/s;  
(f) Reflood038: Uls = 15 cm/s; and (g) Reflood034: Uls = 17.5 cm/s. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
 
(g) 
Figure A.7:  Transient temperature measurements and reflood velocity against time  
for Twall = 400 °C and Twater = 40 °C: (a) Reflood013: Uls = 2.5 cm/s; (b) Reflood014: Uls = 5 cm/s; 
(c) Reflood015: Uls = 7.5 cm/s; (d) Reflood016: Uls = 10 cm/s; (e) Reflood017: Uls = 12.5 cm/s;  
(f) Reflood018: Uls = 15 cm/s; and (g) Reflood019: Uls = 17.5 cm/s. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
 
(g) 
Figure A.8:  Transient temperature measurements and reflood velocity against time  
for Twall = 400 °C and Twater = 50 °C: (a) Reflood040: Uls = 2.5 cm/s; (b) Reflood041: Uls = 5 cm/s; 
(c) Reflood042: Uls = 7.5 cm/s; (d) Reflood039: Uls = 10 cm/s; (e) Reflood043: Uls = 12.5 cm/s;  
(f) Reflood044: Uls = 15 cm/s; and (g) Reflood045: Uls = 17.5 cm/s. 
   
417 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
 
(g) 
Figure A.9:  Transient temperature measurements and reflood velocity against time  
for Twall = 400 °C and Twater = 60 °C: (a) Reflood027: Uls = 2.5 cm/s; (b) Reflood021: Uls = 5 cm/s; 
(c) Reflood022: Uls = 7.5 cm/s; (d) Reflood023: Uls = 10 cm/s; (e) Reflood024: Uls = 12.5 cm/s;  
(f) Reflood025: Uls = 15 cm/s; and (g) Reflood026: Uls = 17.5 cm/s. 
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A6.2 Effect of Cooling Water Feed Rate 
Further results of temperature-time traces at various coolant feed rates are shown in 
this sub-section.  These experiments were carried out with an initial wall temperature 
of 400 °C and the measurements obtained at Elevation 6 (i.e. 1200 mm away from the 
bottom of the test section) are shown here.  Specifically, Figures A.11-A.14 show the 
results of inlet water temperatures of 20, 40, 50 and 60 °C respectively. 
 
 Similar trends to the results presented in Section 10.2.3 have been observed 
from these figures. 
 
 
Figure A.10:  Temperature-time at various feed rates and fixed position 
(at Twall = 400 °C, Twater = 20 °C, Z = 1200 mm) 
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Figure A.11:  Temperature-time at various feed rates and fixed position 
(at Twall = 400 °C, Twater = 40 °C, Z = 1200 mm) 
 
 
 
Figure A.12:  Temperature-time at various feed rates and fixed position 
(at Twall = 400 °C, Twater = 50 °C, Z = 1200 mm) 
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Figure A.13:  Temperature-time at various feed rates and fixed position 
(at Twall = 400 °C, Twater = 60 °C, Z = 1200 mm) 
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Appendix 7:  Data Structure on the Attached DVDs 
 
The data on the attached DVDs is organised in the following way.  There are 3 main 
directories containing the experimental details for each of the key experiments, 
namely: 
 
1) Particle diversion studies, 
2) Vapour flow diversion studies, 
3) Single-tube reflood studies. 
 
 
Within the Particle diversion studies directory, there are 4 sub-directories, namely: 
 
 Data summary, 
 Test section design details, 
 High-speed video files, 
 Processed PTV data. 
 
The directory Data summary contains an Excel spreadsheet giving summary 
information for the experiments performed.  This includes a table for the average 
flowrates and details of the specific interrogation windows.  The range of conditions 
is summarised in Table A.12. 
 
Table A.12  Summary of conditions for particle diversion studies 
Parameter Range Units 
Inle flowrates 750 - 1500 l/min 
Particle diameters 1 - 2.5  mm 
 
  
The directory Test section design details contains PDF files showing 
engineering drawings of the key details for the ballooned pin. 
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The directory High-speed video files contains the video images for each of 
the 2 high-speed camera systems.  The files for the i-SPEED 2 camera may be 
distinguished by R200xx.  Similarly, the i-SPEED 3 files may be distinguished by file 
name R300xx. 
 
The directory Processed PTV data contains 2 sub-directories: Numerical 
data and Trajectory plots.  The sub-directory Numerical data contains an Excel 
spreadsheet, which has the measured particle trajectory values for each of the 
experiments run.  The particle velocities calculated from this data and the summary 
traces are also included within this spreadsheet.  The sub-directory Trajectory plots 
contains images of the specific interrogation windows with the particle pathline 
superimposed for the x-z and y-z planes.  The file for each x-z view has the format 
R200xx_Traj.TIF.  Similarly, the file for each y-z view has the format 
R300xx_Traj.TIF.  
 
 
Within the Vapour flow diversion studies directory, there are 4 sub-directories, 
namely: 
 
 Data summary, 
 Test section design details, 
 Experimental data, and 
 STAR-CD simulation files. 
 
The directory Data summary contains an Excel spreadsheet giving summary 
information for the experiments performed.  This includes a table for the average 
flowrates and details of the specific isokinetic sampling positions.  The range of 
conditions is summarised in Table A.13. 
 
Table A.13  Summary of conditions for vapour flow diversion studies 
Parameter Range Units 
Inle flowrates 0.00514 - 0.00975 kg/s 
Sample elevations 37 - 447 mm 
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 The directory Test section design details contains PDF files showing 
engineering drawings of the key details for the rod bundle array, the ballooned-pin 
profile, and the isokinetic sampling probe. 
 
The directory Experimental data contains an Excel spreadsheet which 
summarises the diverted vapour flowrates at each sampling position.  In this file, the 
analytical and STAR-CD predictions are also included. 
 
The directory STAR-CD simulation files contains the files necessary for 
single-phase Eulerian CFD simulations of the rod bundle geometry. 
 
 
Within the Single-tube reflood studies directory, there are 4 sub-directories, namely: 
 
 Data summary, 
 Test section design details, 
 Axial high-speed video files, and 
 Temperatures and flow measurements. 
 
The directory Data summary contains an Excel spreadsheet giving summary 
information for the experiments performed.  This includes a table for the average inlet 
flowrates, coolant temperature, and initial test section wall temperature.  The range of 
conditions is summarised in Table A.14. 
 
Table A.14  Summary of conditions for singlet-tube reflood studies 
Parameter Range Units 
Wall temperature 100 - 500 °C 
Coolant temperature 20 - 80 °C 
Coolant flowrate 2.5 - 17.5 cm/s 
 
  
The directory Test section design details contains engineering drawings of 
the key details of the axial viewer section and information regarding the thermocouple 
locations. 
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The directory Axial high-speed video files contains the video images 
produced using th axial-view system. 
 
The directory Temperatures and flow measurements contains the temporal 
data for the feed flowrate, feed temperature, test-section temperatures at various axial 
locations, and the oulet temperature.  Specifically, there are 2 sub-directories to 
present this data, namely: ASCII files and Processed data files.  The sub-directory 
ASCII files contains the logged data from each experiment in ASCII format.  The 
Processed data files sub-direcotry contains a series of Excel spreadsheets which 
contains temporal data for each experimental run, including graphs of temperature at 
each of the axial locations. 
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